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Most human tumors contain a population of cells with stem cell properties, called cancer
stem cells (CSCs), which are believed to be responsible for tumor establishment,
metastasis, and resistance to clinical therapy. It’s crucial to understand the regulatory
mechanisms unique to CSCs, so that we may design CSC-specific therapeutics. Recent
discoveries of microRNA (miRNA) have provided a new avenue in understanding the
regulatory mechanisms of cancer. However, how miRNAs may regulate CSCs is still poorly
understood. Here, we present miRNA expression profiling in six populations of prostate
cancer (PCa) stem/progenitor cells that possess distinct tumorigenic properties. Six miRNAs
were identified to be commonly and differentially expressed, namely, four miRNAs (miR34a, let-7b, miR-106a and miR-141) were under-expressed, and two miRNAs (miR-301 and
miR-452) were over-expressed in the tumorigenic subsets compared to the corresponding
marker-negative subpopulations. Among them, the expression patterns of miR-34, let-7b,
miR-141 and miR-301 were further confirmed in the CD44+ human primary prostate cancer
(HPCa) samples. We then showed that miR-34a functioned as a critical negative regulator in
prostate CSCs and PCa development and metastasis. Over-expression of miR-34a in either
bulk or CD44+ PCa cells significantly suppressed clonal expansion, tumor development and
metastasis. Systemic delivery of miR-34a in tumor-bearing mice demonstrated a potent
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therapeutic effect again tumor progression and metastasis, leading to extended animal
survival. Of great interest, we identified CD44 itself as a direct and relevant downstream
target of miR-34a in mediating its tumor-inhibitory effects. Like miR-34a, let-7 manifests
similar tumor suppressive effects in PCa cells. In addition, we observed differential
mechanisms between let-7 and miR-34a on cell cycle, with miR-34a mainly inducing G1
cell-cycle arrest followed by cell senescence and let-7 inducing G2/M arrest. MiR-301, on
the other hand, exerted a cell type dependent effect in regulating prostate CSC properties
and PCa development. In summary, our work reveals that the prostate CSC populations
display unique miRNA expression signatures and different miRNAs distinctively and
coordinately regulate various aspects of CSC properties. Altogether, our results lay a
scientific foundation for developing miRNA-based anti-cancer therapy.
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Chapter 1: Introduction
Prostate cancer is the most common cancer among men in America, and it is the
second leading cause of death following only lung cancer (American Cancer Society, 2012).
Despite the extensive studies on its cause, early detection, and therapy, there are still many
uncertainties/questions about the origin of the cancer, about the molecular mechanisms
driving the uncontrolled expansion of cancer cells, as well as tumor recurrence and
metastasis due to the failure to clinical therapies including surgical and chemical treatment
such as androgen deprivation treatment (ADT). There is emerging evidence that a small
population of cells with stem cell properties called cancer stem cells (CSCs) driving tumor
initiation, progression, metastasis and response to the clinical treatments (1-4). The CSC
hypothesis has provided significant implications for better understanding of the biology of
cancer cells and to ultimately achieve cures to cancer.

1.1 CSCs: definition, identification, and characterization
CSCs are operationally defined as a subset of tumorigenic cells that are endowed
with enormous proliferative, clonogenic, self-renewal, and multi-lineage differentiation
potentials in vitro and tumor-initiating ability in immune-deficient animals such as NOD/SCID
mice (1-4). The CSC hypothesis proposes that cancer cells are organized in a hierarchical
fashion, where CSCs occupy the apex and the majority of the differentiated cells lie at the
bottom (Figure 1-1). CSCs, like their normal counterparts, possess two important and
fundamental properties, which are self-renewal and differentiation. Self-renewal is the ability
for CSCs to undergo symmetric division and replenish the cancer stem cell pool. During
differentiation, CSCs may undergo asymmetric or symmetric division, therefore giving rise to
the multi-lineage of differentiated cells that comprise the heterogeneous populations of
cancer cells. Besides sharing those fundamental properties with the normal adult stem cells,
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Figure 1-1

Figure 1-1. Two possible models for CSC hypothesis. The hierarchical model
(bottom left) assumes that only a small population of biologically distinct cells is cancer stem
cells (CSCs) within the total heterogeneous tumor cell populations. While the stochastic
model (bottom right) assumes that every cell within the tumor have the same potential to be
a CSC. Reprinted by permission from Nguyen et al., Nature Reviews Cancer (5) copyright
2012.
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CSCs are also believed to be responsible for metastasis and resistance to clinical treatment
and relapse.
The most important criteria for defining CSCs is their ability to regenerate serially
transplantable

tumors

that

histologically

recapitulate

the

cellular

and

phenotypic

heterogeneity of parental tumors. CSCs were first identified in leukemia (6). Leukemic stem
cells (LSCs), although constituting a minority (~0.1%), are the only cells that can transfer the
disease to NOD/SCID mice. Since 2003, putative CSCs have been reported for many
human solid tumors including brain tumor, breast cancer, colon cancer, pancreatic cancer
and prostate cancer (7-13).
CSC populations may be phenotypically purified based on the expression of cell
surface markers. For example, CD44 is one of the markers that has been widely used for
enriching the stem cell populations in cancers of the breast (9), pancreas (13), head and
neck (14), and prostate (15, 16). Other markers such as CD34, CD133, epithelial cell
adhesion molecule (EpCAM) and many others have also been identified as markers of CSC
populations (6, 11, 17). There are other methods that have also been widely used to identify
CSCs in a specific tumor type or among many tumors. These include the side population
(SP) phenotype, based on stem cells expressing multidrug resistant proteins (MDR) that can
efflux the Hoechst dye 33342 (18, 19) and label-retaining cells (LRC), based on the
properties that stem cells are generally more ‘quiescent’ than the fast-dividing tumor
progenitor cells (20, 21). It is now clear that using cell surface markers or the abovementioned techniques alone to define a stem cell is not sufficient, identification of the cancer
stem cell population should always be put in an operational setting by performing the ‘gold
standard’ tumor-regeneration assay.
Interestingly, CSC populations purified by the above-mentioned markers or
techniques are phenotypically and functionally heterogeneous in regards to their intrinsic
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molecular traits and tumor regeneration abilities (22-24). For example, CD44(9), SP(25, 26),
Aldehyde dehydrogenase (ALDH) activity (27, 28), and the PKH26 dye retaining (23) may all
be used to enrich breast CSC; however, their expression level varied greatly, and their
tumor regeneration abilities were significantly different. When there is overlap between
different marker expression populations, it is possible that more defined CSC populations
may be further enriched by combining these markers (27, 29).

1.2 Normal prostate epithelial stem/progenitor cells
The prostate is a hormone-regulated glandular organ whose growth accelerates at
sexual maturity. Existence of stem cells (SCs) in adult rodent prostate is supported by
observations that the organ can undergo multiple rounds of castration-induced regression
and testosterone-induced regeneration. Phenotypically, mouse prostate stem/progenitor
cells in the proximal regions preferentially express surface markers Sca-1 and CD49f (30,
31).

Recently,

the

Gao

lab

reported

murine

prostate

SCs

bearing

the

Lin-

Sca1+CD133+CD44+CD117+ phenotype that can regenerate secretion-producing prostatic
glands (32). Another group reported that CARNs (Castration Resistant Nkx3.1 expressing)
cells localized in the luminal layer can generate the glandular structure of mouse prostate
(33) (Figure 1-2). Whether adult human prostate contains definitive SCs is less certain
although several candidate populations of stem/progenitor cells have been reported (2, 34,
35). Work from our lab on normal human prostate (NHP) progenitor cells indicates that they
express CD44 and α2β1 as well as some other stem cell markers including p63 and hTERT
although CD133 could not be detected (36, 37).
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Figure 1-2

Figure 1-2. Illustration of a longitudinal view of prostatic duct from the
proximal region and putative prostatic stem cells are indicated. Adapted from Laffin B
and Tang D, Cell Stem Cell, (38).
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1.3 Hierarchical organization of Prostate Cancer cells
Studies on Prostate Cancer (PCa) stem/progenitor cells lag behind those of many
other tumors such as breast and brain cancers and melanoma. Although both ABCG2 (39)
and CD133 (15, 40) have been proposed to mark potential prostate CSCs, in these studies,
the key experiments that define CSCs, i.e., to demonstrate enhanced tumor-initiating
potential and self-renewal capacity in the marker-positive cell populations were not reported.
Using tumor regeneration in NOD/SCID mice as the main yardstick combined with serial
tumor transplantation, several PCa cell populations with enhanced tumor-initiating capacities
that fit the definitions of CSCs have been identified (16, 19, 41-43) (Figure 1-3).
Firstly, putative prostate CSCs have been isolated using single or combinations of
cell surface markers. For example, the CD44+CD24- population purified from patient prostate
cancer samples likely harbors cancer stem-like cells with greater in vitro clonal expansion
abilities(15). However, this study lacks in vivo tumor transplantation assay. Other prostate
CSC-enriched

populations

such

as

CD44+/α2β1hi/CD133+

Du145

cells

(44),

and

CD44+CD133+ cells from PC3 and Du145 cell lines (45) were identified based on their
higher ability in clonal assay in vitro and tumor regeneration assay in the mice. Work from
our lab has also identified that CD44+ cells purified from three prostate xenograft models
(LAPC9, LAPC4 and DU145) possess much higher clonal, clonogenic, serial sphere-forming,
and, more importantly, tumorigenic potential than the isogenic CD44- PCa cells. Furthermore,
the CD44+ PCa cells express higher levels of ‘stemness’ genes including Oct-3/4, Bmi-1, βcatenin, and Smoothened (16). Clonal analysis indicates that a small subset of the CD44+
cells can undergo asymmetric cell division, with only one of the daughter cells retaining
CD44 expression (16).
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Figure 1-3
PCa Stem/Progenitor Cells

Figure 1-3. A model of hierarchical organization of heterogeneous PCa cells.
Adapted from Li et al., Methods Mol. Biol., 2009.
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Secondly, using the marker-independent method, several other CSC populations
have been identified. The side population (SP) of PCa cells also contains tumorigenic cells
(19, 46). The SP cells are highly tumorigenic with 1-100 cells being able to initiate serially
transplantable tumors. The SP cells over-express ‘stemness’ genes such as β-catenin,
Notch-1 and can self-renew regenerating SP and non-SP cells (19). Interestingly, the CD44+
and SP PCa cells significantly overlap with ~97% of the SP cells being CD44+. Remarkably,
essentially all metastatic activity resides in the CD44+ (16) or the SP (43) cell population,
suggesting that prostate CSCs may be the cells that mediate metastasis.
Thirdly, in contrast to the SP and CD44+ cells, integrin α2β1+ (or α2β1hi) and ABCG2+
PCa cells identify fast-proliferating tumor progenitors (19, 41). Both ABCG2+ (19) and α2β1+
(41) PCa cells, although highly proliferative in vitro, possess tumor-initiating capacities
similar to the corresponding marker-negative cells.
Interestingly, PCa cell holoclones also contain self-renewing, highly tumorigenic cells
that preferentially express CD44, α2β1, and β-catenin whereas meroclone/paraclones are
devoid of tumor-initiating cells (42).
Most of the aforementioned studies were performed in PCa cell lines or xenograft
models. Direct evidence of the existence of CSCs in primary human prostate cancer is still
lacking. In the past 4 years, our lab has worked on more than 100 fresh primary human PCa
(HPCa) samples and has made critical progress by establishing a novel tumor-reconstitution
protocol that allows purified HPCa cells to reliably regenerate tumors in NOD/SCID-γ mice.
These studies in HPCa samples will not only solidify our observations in xenografts but also
provide a powerful tool to unveil the mystery of the human prostate cancer biology.

1.4 MicroRNA: A brief introduction
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MicroRNAs (miRNA) are evolutionally conserved, small non-coding RNAs that are
about 19-22 nucleotides (nt) long. MiRNAs modulate gene expression by repressing their
targets’ translation or inducing mRNA degradation though binding to the complementary
sequence in target messenger RNA. Although tiny, miRNAs have been shown to play
important roles in regulating developmental, physiological and oncogenic processes. So far,
there are 1921 potential mature miRNAs have been reported in human (miRbase, v18,
www.mirbase.org), and they are predicated to regulate more than 60% of the human protein
coding genes.

1.4.1 miRNA biogenesis pathway
The miRNA genes are first transcribed by RNA polymerase II into primary transcripts
(pri-miRNA) in the nucleus; these pri-miRNAs are about hundreds to thousands of nt long
and contain a characteristic hairpin stem-loop structure. Then a micro-processing complex
including an RNase III enzyme, Drosha, and a double-stranded RNA binding protein
DiGeorge syndrome critical region gene 8 (DGCR8), cuts the hairpin stem-loop structure
and process the species into precursor miRNA (pre-miRNA). The 70-100 nt long pre-miRNA
is then actively exported into cytoplasm via Exportin 5, where it is cleaved by another RNase
III enzyme, Dicer, resulting a miRNA:miRNA* duplex. Then the mature miRNA is selected
and assembled into a ribonucleoprotein complex, called miRNA-induced silencing complex
(RISC), which contains an Argonaute family member, that directs the identification of target
mRNA (47).
The miRNA target recognition is mediated through the sequence complementary
between the 2-8 nt at the 5’ end of miRNA (seed sequence) and the 3’-untranslated region
(UTR) of target mRNA. The mechanisms of miRNA post-transcription regulation on its
targets include blocking its translation and/or inducing mRNA degradation by deadenylation
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and decapping. No matter which mechanism predominates, the overall output is the
reduction of amount of protein encoded by the target messenger (48) (Figure 1-4).
Nevertheless, recent advances in miRNA studies have indicated that besides the
above mentioned “canonical” mechanisms of gene regulations by miRNAs; there exist other
alternative mechanisms of miRNA regulation. First, besides the recognition of its targets
though 3’-UTR, there is evidence that the coding region or 5’-UTR of a mRNA might be
recognized and involved in the gene regulation by miRNA (49). Secondly, miRNA may also
activate gene expression rather than repress it. For example, several miRNAs were found to
be enriched in the nucleus, and to activate gene transcription by binding to the promoter of
the target genes (50). MiRNAs have also been shown to bind to other ribonucleoproteins
(RNP) such as hnRNP E2, and exert a “decoy effect” by preventing its original function in
RNA binding (51). Moreover, miRNAs may also involve in another layer of RNA transcript
regulation called “competing endogenous RNAs (ceRNAs)” in which protein coding
transcript and non-protein coding transcripts such as pseudogenes of an ancestral protein
coding gene sharing sequence homology compete for the miRNA binding, thereby affecting
protein coding gene expression (52, 53).
Each miRNA is predicted to target hundreds of mRNAs, and one mRNA can be
regulated by multiple miRNAs simultaneously. Therefore it is estimated that more than 60%
of the whole protein coding genome is regulated by the 1921 miRNAs currently reported.
miRNA regulation is involved in almost all physiological processes, including stem cell selfrenewal, differentiation, proliferation, metabolism, survival and death pathways. miRNAs
have also been shown to regulate many aspects of oncogenesis.
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Figure 1-4

Figure 1-4. miRNA biogenesis pathways and function in gene regulation.
Reprinted by permission from He L and Hannon G, Nature Reviews Genetics (54), copyright
2004.
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1.4.2 miRNA and stem cells
The discovery of the first miRNA (lin-4) was in association with stem cell (SC)
development in Caenorhabditis elegans. This miRNA was required for the transition from the
L1 to L2 stage (55, 56). Let-7-associated family members (miR-48, miR-84 and miR-241)
were later shown to be involved in the transition from L2 to L3 (57, 58), further implicating
miRNAs in the maintenance and progression of SCs. Let-7 itself is involved in the transition
from L4 to adult phenotypes (57). In the absence of lin-4 and members of the let-7 family,
the SC lineage fails to differentiate and continues a proliferative cycle. The fact that lin-4 and
let-7 are conserved over a number of species suggests that their developmental regulatory
functions may also be conserved (59). There are several additional examples of miRNAs
being key regulators of cell proliferation and death (60), cell differentiation (61), skeletal and
cardiac muscle development (62-64) and brain and neural development (65-67). In addition,
ongoing research is building solid evidence for the role of miRNAs in regulating SC division
(68-74) and other SC properties (75-77).

1.4.3 miRNA in cancer
The first study of miRNA in cancer discovered that miR-15a/16-1 is often lost in
chronic lymphocytic leukemia (CLL) (78). The advances in profiling techniques such as
high-throughput screening and miRNA microarray in the past few years has facilitated
investigator to identify aberrant expression of miRNAs in lung cancer, breast cancer,
glioblastomas, pancreatic tumors and prostate cancers (79). Differential miRNA expression
profiles were also observed between primary tumors and metastatic tumors. These
differential expression profiles of miRNA are informative for diagnosis of the cancer origin
and for prognosis prediction (80).
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The mechanisms involved in the differential expression of miRNA include genetic
location of the miRNA at cancer related regions (81), epigenetic regulation of miRNA
expression (82), or abnormalities in genes and proteins involved in miRNA maturation
processes such as Dicer, Exportin 5 or Ago family members (82). miRNA can be regulated
by important oncogenes or tumor suppressor genes with transcription activities such as, p53,
Myc and lin-28 (83-85).

1.4.4 miRNA may function as oncogene or tumor suppressor gene
The aberrant expression of miRNAs in cancer suggests that these miRNAs might be
involved in pathological process of cancer development. Indeed, more and more studies
showed that miRNAs may function as either oncogene or tumor suppressor gene. For
example, miR-21, which is upregulated in cancers of the breast, lung, prostate, colon and
glioblastomas, has been shown to be self-sufficient in promoting proliferation and can evade
apoptosis by targeting several tumor suppressors like PTEN and PDCD4 (86, 87). Moreover,
transgenic over-expression of miR-21 result in B cell lymphoma and that dependents on the
presence of miR-21 (“oncomiR addiction”) (88). Many other miRNAs that display oncogenic
functions includes the miR-17-92 cluster, which is transactivated by oncogene c-Myc and
promotes tumor growth in a lymphoma mouse model (89, 90).
On the other hand, many miRNAs that are under-expressed in cancers might exert
tumor suppressor functions. For example, loss of miR-15 and miR-16 is often found in CLL
patients. It has been shown that miR-15/16 cluster resides in chromosome 13q14, which is a
genomic region often deleted in various cancers including CLL, prostate cancer, and
pancreatic cancer, and loss of miR-15/16 negatively correlates with the level of antiapoptotic protein BCL2 and is therefore associated with evasion of apoptosis (78, 81). Other
important tumor suppressive miRNAs include the let-7 family, which is widely under	
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expressed miRNAs in various tumors, and can suppress tumor development by targeting
multiple oncogenic factors involved in tumor initiation and progression such as RAS, MYC
and HMGA2 (91-93).

1.4.5 miRNA in cancer therapeutics
Given that miRNAs are differentially expressed in cancer compared to normal tissue
and that miRNAs are involved in various aspects of cancer development, investigators have
begun to develop miRNA based anti-cancer diagnostics and therapeutics (94).
First of all, miRNA expression profiles can be used as informative biomarkers in
cancer diagnosis and prognosis. In several recent studies using miRNA expression profiles
in classifying cancer origin, miRNA profiles surprisingly give a better correlation with the
tissue origin of the cancer and metastatic status than the traditional mRNA profiles (79, 80).
Also, miRNA levels in serum and other body fluids have been observed to associate with
cancer progression and are being developed as powerful biomarkers for cancer diagnosis
(95, 96).
Researchers have also been developing new techniques to either replace tumor
suppressive miRNAs or target oncogenic miRNAs so as to negatively regulate tumor
development. The advantage of using miRNAs as therapeutic targets is understandable.
Each miRNA may target multiple factors in an oncogenic pathway therefore may exert a
synergistic effects compared to the traditional therapeutic methods, which generally target a
single molecule.
The miRNA mimic oligonucleotides (oligos), which are synthetic double-stranded
RNA oligos that mimic the mature endogenous miRNAs, are often used in restoring tumor
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suppressive miRNAs. For example, let-7 mimics delivered systemically through tail vein
inhibited tumor development in a KRAS model of non-small cell lung cancer (97).
On the other hand, anti-sense oligos against miRNAs (antagomiRs) have been
developed to block the oncogenic activities of the over-expressed miRNAs. For example,
systemic delivery of antagomir miR-10b, which has been shown to promote metastasis in
breast cancer, has successfully suppressed the metastasis of breast cancer cells to the lung
(98).

1.5 Outline for my Ph.D thesis research: Understanding miRNA regulation of
prostate cancer stem cells
Based on these previous observations, we hypothesize that miRNAs are critical
regulators of PCa stem/progenitor cells and PCa development. We were the first to carry out
miRNA expression profiling in prostate CSC populations. In Chapter 2, we present the
experimental process of miRNA expression profiling in several PCa stem/progenitor cell
populations, and further discuss the prostate CSC-specific miRNA signature as well as
several commonly differentially expressed miRNAs in the CSC populations. In Chapter 3,
we focus on one of the commonly under-expressed miRNAs, i.e., miR-34a, and perform in
vivo and in vitro functional assays regarding the stem cell related properties. Our results
show that miR-34a is a critical negative regulator in prostate CSCs and PCa metastasis by
targeting CD44. In Chapter 4, we adopt similar experimental design to investigate the effect
of let-7 in PCa cells. We demonstrate that like miR-34a, let-7 also negatively regulates the
prostate tumor development, but with different mechanisms of action on cell cycle. In
Chapter 5, we present our pilot study on the role of miR-141 in regulating PCa development
and propose several experiments to further elucidate its mechanisms of action.
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Chapter 2: miRNA expression profiling in prostate cancer stem/progenitor
cells
2.1 Introduction

2.1.1 miRNA regulation of development and embryonic stem cells (ESCs)
Lin-4 and let-7 are the first two miRNAs to be identified. Interestingly, both of them
were discovered during Caenorhabditis elegans (C. elegans) development. Lin-4 controls
the larval stage transition from L1 to L2, by repressing lin-14, a factor required for proper
developmental timing (55, 99). Let-7 controls the C.elagans larval stage transition from L4 to
adulthood by repressing lin-41 (58). Since then, evidence from several system has
implicated that miRNA may be involved in regulating embryonic stem cell (ESC) and
embryonic development.
The global functions of miRNA have been evaluated by the consequences of Dicer
and DGCR8 mutants in human and mouse ESCs. Specifically, complete blockage of miRNA
maturation by deletion of Dicer in mouse caused embryonic lethality (100). Both dicerdeficient as well as DGCR8-deficient mouse ESCs exhibited defect in differentiation and G1
cell-cycle arrest (101, 102).
In addition to the overall involvement of the miRNA pathway in ESCs, other
researchers have also revealed the specific miRNA expression and functions in ESCs. For
example, a set of 32 miRNA differentially expressed in human ESCs was reported (103). In
addition, miR-290-295 cluster, miR-296, miR-302, miR-17-92 cluster and miR-15b-16 cluster
are over-expressed in ESCs but decreased during differentiation and absent in adult tissue,
whereas miR-21 and 22 are found abundantly expressed in differentiated and adult tissue
(68, 104).
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Importantly, several regulatory circuits between miRNAs and the pluripotent genes
required for maintaining the stemness have been reported, revealing an amazing network of
stem cell regulation. For example, the core transcription factors of stem cells pluripotency,
OCT-4, NANOG, SOX2, TCF3, occupy the promoter regions of a set of miRNAs that are
preferentially expressed in mouse ESCs such as miR-290-295 cluster and transcriptionally
activate their expression (49, 105). On the other hand, some of these pluripotent genes are
regulated by miRNAs at the post-transcriptional level. MiR-134, miR-296, and miR-470, for
instance, have been shown to suppress the expression of the core transcription factors
NANOG, OCT4 and SOX2 by binding to their coding regions (49) (Figure 2.1)

2.1.2 miRNA regulation of cancer stem cells
Increasing evidence has suggested that miRNAs might also be involved in regulating
CSC properties. First of all, miRNA expression signature specific for CSC populations has
been reported in several cancers. In breast cancer, Yu et al. reported that let-7 as well as a
number of other miRNAs including miR-16, miR-107, miR-128 and miR-20b were
significantly reduced in breast CSC (BCSC) enriched by consecutively passaging breast
cancer cell line SKBR3 in mice treated with chemotherapy (106). Clarke’s group used the
cell surface marker CD44 and CD24 expression to enrich BCSC, and identified a set of 37
miRNAs to be differentially expression in CD44+/CD24-/lo BCSC population, in which three
clusters, miR-200c-141, miR-200b-200a-429, and miR-183-96-182 were significantly downregulated (107). MiRNA deregulation has also been reported in glioblastoma and other brain
CSCs (108-110). For example, by comparing miRNA expression in CD133+ glioblastoma
stem cells with the CD133- population, Gal et al. showed that miR-451 as well as miR-486,
miR-425, miR-16, miR-107 and miR-185 level were increased in the CD133- population
(108). In hepatic CSC identified by EpCAM+AFP+ profile, researchers also discovered a
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Figure 2-1

Figure 2-1. Regulatory circuit of miRNA and core “pluripotent” genes.
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unique miRNA signature in which miR-181 family and several miR-17-92 cluster members
were up-regulated in the CSC population (111).
Furthermore, miRNAs have been shown to regulate various CSCs properties,
including self-renewal and differentiation, tumorigenesis, metastasis and chemoresistance.
For instance, under-expression of let-7 in BCSCs seems to be important for maintaining the
stem cell properties (106). Thus, overexpression of let-7 with let-7-lentivirus inhibited
proliferation, mammosphere formation, and the proportion of undifferentiated cells in vitro
and tumor formation and metastasis in NOD/SCID mice (106), In contrast, antagonizing let-7
enhanced the in vitro self-renewal of non-CSC (106).
Interestingly, over-expression of miR-30, another miRNA that was also markedly
reduced in BCSCs, not only inhibited their ability of self-renewal, but also inhibited anoikis
resistance and increased apoptosis by directly targeting UBC9 (ubiquitin-conjugating
enzyme 9) and ITGB3 (intergrin β3) (112). Importantly, a more complete inhibition of selfrenewal and mammosphere formation in BCSC was observed when introducing both let-7
and miR-30 at the same time (112). This synergistic inhibitory effect of let-7 and miR-30 on
self-renewal indicated that multiple miRNAs distinctively and concertedly regulate CSC
properties (Figure 2.2).
Several other miRNAs such as miR-200c that is under-expressed in BCSCs and
normal mammary stem cells, and miR-128 that was under-expressed in glioma stem cells
may regulate the clonogenic and tumor-initiating activities by targeting the stem cell factor
BMI-1 (107, 109).
miR-34, a p53 downstream target, has also been shown to negatively regulate the
stem cell properties of pancreatic and gastric CSCs; thus, over-expression of miR-34
inhibited sphere formation in vitro and tumor formation in vivo via modulating downstream
targets Bcl-2, NOTCH, HMGA2 (113, 114).
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Figure 2-2

Figure 2-2. miRNAs distinctively and coordinately regulate key properties of
CSCs Reprinted by permission from Liu C and Tang D, Cancer Research (115), copyright
2011.
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miRNAs may also regulate metastasis, which might be mediated by CSC. Several
studies have reported that miR-205 and miR-200 family members are involved in one most
critical step in the metastatic cascade, epithelial-mesenchymal transition (EMT). For
instance, miR-205 and miR-200 family members were found significantly down-regulated in
cells that undergone EMT and in metastatic breast cancer specimens (116, 117). Overexpression of miR-200 negatively regulates the expression of EMT activator ZEB1 and
ZEB2. Interestingly, ZEB1/ZEB2 also transcriptionally repress the expression of miR-200 by
binding to its promoter and strongly activate EMT. These findings establish a negative
feedback loop between miR-200 family and ZEB1/ZEB2 that regulates important biological
processes in cancer metastasis. (116, 117).

2.1.3 Rationale for the experiments in this chapter
Deregulation of miRNAs has been observed in a large variety of human tumors (78,
79, 118). In PCa, several groups have performed miRNA expression profiling studies using
either miRNA microarray (119-123) or whole-genome deep sequencing (124) in PCa cell
lines, xenografts or patient samples, and have reported PCa-specific miRNA alterations.
These studies, although shedding light on differential miRNA expression in PCa (relative to
benign tissues), have all been performed in bulk tumor cells and thus fail to address
alterations of miRNA expression and functions specifically in tumorigenic PCa cell subsets.
To explore the miRNA expression signature in the CSC populations in PCa, we took 6
marker-sorted prostate CSCs enriched populations and carried out miRNA expression
profiling by quantitative real-time PCR (qPCR). From the profiling, we identified CSC specific
miRNA expression signatures and several miRNAs that are commonly and differentially
expressed in PCa stem/progenitor cell populations.
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2.2 Materials and Methods

Cells, xenografts, and animals
Human xenograft prostate tumors, LAPC9 (bone metastasis; AR+ and PSA+), LAPC4
(lymph node metastasis; AR+ and PSA+), and Du145 (brain metastasis; AR- and PSA-) were
maintained in NOD/SCID mice. NOD/SCID mice were produced mostly from our own
breeding colonies and purchased occasionally from the Jackson Laboratories (Bar Harbor)
and maintained in standard conditions according to the Institutional guidelines. All animal
experiments were approved by our institutional IACCUC.

PCa cell purification
Human PCa cells were purified out of xenografts by first depleting murine cells.
CD44+ and CD44- cells from LAPC9, LAPC4, and Du145 xenografts were further purified
using fluorescence-activated cell sorting (FACS) with the purities of both populations
being >98% (16, 41). CD133+ and CD133- LAPC4 cells were purified using biotinylated
monoclonal antibody to CD133 (AC133) and the magnetic activated cell sorting (MACS) by
following the manufacturer’s instructions (Miltenyi Biotech). Post-sort analysis revealed
purities of both populations being >95%. Side population (SP) of LAPC9 cells were purified
by FACS as previously described (19).
Human primary prostate tumors (HPCa) samples were obtained with the patients’
consent from robotic surgery. All work with HPCa samples was approved by the M.D.
Anderson Cancer Center Institutional Review Board (IRB LAB04-0498). We purified
epithelial HPCa cells though a multi-step enzyme digestion process and by depleting
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lineage-positive hematopoietic, stromal, and endothelial cells (43, 125). Lin-CD44+ and
CD44- HPCa cells were further purified by using MACS or FACS.

Quantitative RT-PCR
MiRNA

levels

were

quantified

using

TaqMan

MicroRNA

Assays

(Applied

Biosystems). Briefly, total RNA was isolated from unsorted LAPC9, LAPC4 and Du145
xenograft cells using the mirVANA PARIS miRNA Isolation Kit (Ambion), and was used to
measure the levels of a library of 310 sequence-validated human miRNAs. Then 136
miRNAs were further measured in purified marker-positive and corresponding markernegative cell populations, i.e. CD44+ and

–

populations from LAPC9, LAPC4 and Du145,

CD133+ and – cells from LAPC4 tumor and α2β1+ and α2β1- cells from Du145 tumor. Finally,
57 miRNAs were measured in the SP and non-SP LAPC9 cells due to limited numbers of
cells. Quantitative miRNA expression data were normalized to internal 'housekeeping'
miRNAs, i.e. miR-24 and miR-103, and difference between the positive population and that
of the negative population, i.e., ddCt values, for each of the miRNAs were converted to
percentage of expression using the formula 2−ddCt .

2.3 Results

2.3.1 miRNA expression profiling in PCa stem/progenitor cell populations
To determine the expression profiles of miRNA in PCa stem/progenitor cell
populations, we first measured the expression levels of a library of 310 mature human
miRNAs by qPCR in unsorted PCa cells purified from 3 xenografts, i.e., LAPC9, LAPC4, and
Du145 (Figure 2-3, step I). The average Ct value of each miRNA in all 3 xenograft PCa cells
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ranged from 22 up to 50. Among the 310 miRNAs, we chose 136 miRNAs, which included
120 miRNAs that were expressed at reliably detectable levels (Ct values less than 33) and
16 miRNAs of interests that were less abundant (Ct values between 35 to 50). We
subsequently measured these 136 miRNAs in 5 pairs of marker sorted populations, i.e.,
CD44+ and CD44- cells purified from LAPC9, LAPC4 and Du145 tumors; CD133+ and
CD133- cells from LAPC4 tumors, and α2β1+ and α2β1- cells from Du145 tumors (Figure 2-3,
step II). Our lab has previously demonstrated that in these xenograft models the CD44+ PCa
cells are highly enriched in both tumor- and metastasis-initiating cells (16, 41) whereas the
α2β1+ PCa cells mostly represent fast proliferating tumor progenitors (41). Collins et al have
shown that the CD133+(CD44+ α2β1hi) cells purified from primary PCa (i.e., HPCa) samples
are highly clonogenic (15) and we have also found that the CD133+ LAPC4 cells possess
higher clonogenic potential than the corresponding CD133- cells. In addition, we also
purified side population (SP) from the LAPC9 tumor, which harbors great tumor-regenerative
activity (19). Since the SP represents <0.1% of the total population in LAPC9 tumor (19), we
manually curated 57 miRNAs that could be reliably detected in PCa cells and compared
their expression levels in the SP vs. non-SP cells (Figure 2-3, step III). Comparisons of 6
marker-positive and the corresponding marker-negative populations revealed informative
differences in miRNA expression patterns.

2.3.2 Unique miRNA expression patterns in different marker sorted populations
By comparing the miRNA expression levels in marker positive populations to their
corresponding marker negative populations, we observed that each marker-sorted
population exerted its unique miRNA expression patterns. Overall, there were significantly
more under-expressed miRNAs with much higher magnitude than the over-expressed ones
in the CD44+ LAPC4 (Figure 2-4) and LAPC9 (Figure 2-5) tumor cell compared to the
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corresponding CD44- cells as well as in LAPC9 SP compared to the non-SP cells (Figure 26). In contrast, the CD44+ and CD44- Du145 cells had roughly similar numbers of overexpressed and under-expressed miRNAs (Figure 2-7). On the other hand, CD133+ LAPC4
(Figure 2-8) and α2β1+ Du145 (Figure 2-9) cell populations showed more over-expressed
miRNAs than the under-expressed ones.
In CD44+ LACP4 cells, miR-10b was one of the top over-expressed miRNAs (Figure
2-4). MiR-10b is upregulated in metastatic breast cancer cells and positively regulates
breast cancer cell migration and invasion (126).
In LAPC9 SP cells, among the top over-expressed miRNAs was miR-451 (Figure 26), which was recently shown to regulate the self-renewal and tumorigenicity in glioblastoma
(108) and colorectal cancer stem cells (127). Among the top 10 under-expressed miRNAs in
the SP were miR-15a/15b and several tumor suppressive miRNAs.
Interestingly, both miR-21 and miR-451 were turned up as top over-expressed
miRNAs in CD44+ Du145 cells (Figure 2-7).
Among the top over-expressed miRNAs in CD133+ LAPC4 cells was miR-21, one of
the best-characterized oncomiRs in human cancers (128). Among the top 10 downregulated miRNAs were several well-known tumor-suppressive miRNAs including miR-133a,
miR-126, miR-15a and miR-200a (Figure 2-8).
Surprisingly, among the top 10 upregulated miRNAs in α2β1+ Du145 cells were miR30a-5p, let-7a, and miR-196a (Figure 2-9), which were under-expressed in CD44+ PCa cells.
These results are, nevertheless, consistent with our earlier conclusions that the α2β1+ PCa
cells mark fast proliferating progenitor cells (rather than slow-cycling CSCs), and that the
α2β1- cell population contains CD44+ PCa cells (41).
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Figure 2-3

Figure 2-3. miRNA expression profiling scheme.
Three major steps were indicated.
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Figure 2-4

Figure 2-4. miRNA expression profiles in CD44+ LAPC4 cells. Shown are the
relative miRNA expression levels in CD44+ compared to CD44- LAPC4 cells. The top 10 upor down- regulated miRNAs are listed on the right.
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Figure 2-5

Figure 2-5. miRNA expression profiles in CD44+ LAPC9 cells. Shown are the
relative miRNA expression levels in CD44+ compared to CD44- LAPC9 cells. The top 10 upor down- regulated miRNAs are listed on the right.
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Figure 2-6

Figure 2-6. miRNA expression profiles in the LAPC9 side population. Shown are
the relative miRNA expression levels in SP compared to non-SP LAPC9 cells. The top 10
up- or down- regulated miRNAs are listed on the right.
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Figure 2-7

Figure 2-7. miRNA expression profiles in the CD44+ Du145 cells. Shown are the
relative miRNA expression levels in CD44+ compared to CD44- Du145 cells. The top 10 upor down- regulated miRNAs are listed on the right.
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Figure 2-8

Figure 2-8. miRNA expression profiles in the CD133+ LAPC4 cells. Shown are
the relative miRNA expression levels in CD133+ compared to CD133- LAPC4 cells. The top
10 up- or down- regulated miRNAs are listed on the right.
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Figure 2-9

Figure 2-9. miRNA expression profiles in α2β1+ Du145 populations. Shown are
the relative miRNA expression levels in α2β1+ compared to α2β1- Du145 cells. The top 10
up- or down- regulated miRNAs are listed on the right.
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2.3.3 Cell type specific miRNA expression patterns
We then compared the expression profiles between different marker-sorted cell
populations in each cell type and identified miRNAs that were commonly under- or overexpressed specific to each cell type.
When we compared the 136 miRNA expressions in CD133+ vs. CD44+ LAPC4 cells,
we observed 23 commonly over-expressed and 29 commonly under-expressed miRNAs
(Figure 2-10). Four let-7 miRNA family members (let-7b, let-7f, let-7g and let-7i) were
commonly under-expressed, three miR-200 family members were also under-expressed
including miR-200a, miR-200a* and miR-141, whereas miR-10b was the top commonly
over-expressed miRNAs in both CD133+ and CD44+ LAPC4 cells (Table 2-1).
We observed 6 commonly over-expressed and 31 commonly under-expressed
miRNAs in the SP and CD44+ LAPC9 cells (Figure 2-11). Of interest, the miR-15/16 cluster
members including miR-15a, miR-15b and miR-16, and two miR-200 family members, miR200a and miR-200c were commonly under-expressed in both SP and CD44+ LAPC9 cells
(Table 2-1).
Finally, we observed 43 commonly over-expressed and 22 commonly underexpressed miRNAs in the α2β1+ and CD44+ Du145 cells (Figure 2-12).
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Figure 2-10

Figure 2-10 Venn diagrams showing unique and common miRNAs in LAPC4
xenograft model. Shown are the unique and shared miRNAs that are over-expressed (left
panels) or under-expressed (right panels) in the indicated cell populations.
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Figure 2-11

Figure 2-11 Venn diagrams showing unique and common miRNAs in LAPC9
xenograft model. Shown are the unique and shared miRNAs that are over-expressed (left
panels) or under-expressed (right panels) in the indicated cell populations.
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Figure 2-12

Figure 2-12 Venn diagrams showing unique and common miRNAs in Du145
xenograft model. Shown are the unique and shared miRNAs that are over-expressed (left
panels) or under-expressed (right panels) in the indicated cell populations.
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Table 2-1

Table 2-1. Commonly up- and down- regulated miRNAs in each xenograft models.
	
  

37	
  

2.3.4 Common under-expression of multiple tumor-suppressive miRNAs in
CD44+ PCa cells
When we analyzed the miRNA expression patterns common to all 3 populations of
CD44+ PCa cells, we found that 3 miRNAs, i.e., miR-452, miR-19a, and miR-301, were
commonly over-expressed and, remarkably, 37 miRNAs were commonly under-expressed
(Table 2-2). Among the 37 under-expressed miRNAs, miR-34a was the most dramatically
down-regulated miRNA, representing 2% of the level in the CD44- cell populations. In
addition to miR-34a, four let-7 family members (let-7a, let-7b, let-7e and let-7f) were underexpressed in the 3 CD44+ populations (Table 2-2). Moreover, miR-141, a miR-200 family
member, was also expressed at lower levels in CD44+ than in CD44- PCa cells (Table 2-2).
miR-34, let-7, and miR-200 families of miRNAs are well-established tumor-suppressive
miRNAs (97, 106, 129).
miR-199a*, which is down-regulated in many cancers (in particular, hepatocellular
carcinoma) and possesses tumor-suppressive functions by targeting oncogenic molecules
such as c-MET, IKKβ, DDR1 (discoidin domain receptor 1 tyrosine kinase), versican, PAK4
(a serine/theonine-protein kinase), Brm (a component of the SWI/SNF complex, Axl (a
receptor tyrosine kinase), mTOR, and AKT (130-132), was expressed in the CD44+ PCa
cells at only ~4% levels of the CD44- cells (Table 2-2). Strikingly, in other cancer cells, miR199a* has been demonstrated to target CD44 leading to its deficiency in CD44+ cancer cells
(131, 132). Of interest, miR-214 is in a cluster with miR-199a* (~6 kb apart) within human
dynamin-3 gene intron (DNM3os) and was co-downregulated with miR-199a in CD44+ cells
(Table 2-2). Similarly, miR-10a and miR-196a are embedded in the HoxB gene cluster and
both were under-expressed in CD44+ PCa cells (Table 2-2). Several other clusters of
miRNAs, including miR-183/miR-182 (7q31-34), miR106a/19b/92a (in the Chr-X mir-106a363 cluster), and miR-193b/miR-365 (16p13.12; 36), were also coordinately down-regulated
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in the CD44+ PCa cells (Table 2-2). miR-193b targets multiple oncogenic molecules
including uPA, cyclin D1, 14-3-3ζ, c-Kit, and Mcl-1. Many other miRNAs under-expressed in
CD44+ PCa cells (Table 2-2), including miR-218 (133), miR-148a (134), miR-181b(135),
miR-203 (136), miR-183 (107), and miR-335 (137) have all been shown to possess tumor or
metastasis inhibitory functions. Together, our profiling results indicate that multiple tumorsuppressive miRNAs are coordinately under-expressed in tumorigenic CD44+ PCa cells.
We employed the online database Diana mir-Path (138) to probe the potential
signaling pathways that might be engaged by miRNAs differentially expressed in the CD44+
PCa cells (Table 2-2). The software performs an enrichment analysis of multiple microRNA
target genes in all known KEGG pathways. When we input the set of miRNAs commonly
under-expressed in CD44+ cells, the top hits were TGFβ, Wnt, and MAPK signaling
pathways (not shown).
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Table 2-2

Table 2-2. miRNAs commonly over- or under-expressed in CD44+ PCa cells.
Presented are the miRNAs that are commonly over- or under-expressed in the purified
CD44+ Du145, LAPC9, and LAPC4 cells compared to the corresponding CD44- cells. The
fold changes represent the mean values of the miRNAs in three xenograft models.
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2.3.5 Distinctive and common miRNA expression profiles in different PCa
stem/progenitor cell populations
Subsequently, by comparing the miRNA expression profiles in different tumorigenic
populations, we identified the miRNAs that were commonly changed in different markersorted stem/progenitor cell populations. We first compared the common CD44 profiles
(Table 2-2) with the profiles generated from the LAPC4 CD133+ or Du145 α2β1+ populations,
and uncovered the miRNAs that were commonly over- or under-expressed in the 4
tumorigenic (i.e., 3 CD44+ and CD133+ or α2β1+) cell populations (Table 2-3). When we
combined the 5 tumorigenic populations (i.e., 3 CD44+ together with CD133+ and α2β1+),
only 4 miRNAs (i.e., let-7b, miR-106a, miR-141 and miR-34a) were commonly underexpressed and 2 miRNAs (i.e., miR-301 and miR-452) were commonly over-expressed (Fig.
2-13; Table 2-3). When we further combined the expression profile from the LAPC9 SP, only
one miRNA, i.e., miR-34a was commonly under-expressed and one miRNA, miR-452, was
commonly over-expressed in all 6 CSC populations (Table 2-3).

2.3.6 Validation of commonly changed miRNAs in primary tumor (HPCa)
samples
To establish potential clinical relevance and to further validate the expression in clinical
prostate cancer samples, we obtained 21 prostatectomy human primary prostate tumors
(HPCa), and first purified epithelial cancer cells. CD44+ and CD44- cells from each samples
were further purified out using either MACS (magnetic affinity-based cell sorting) or FACS
(Table 2-4), and measured the levels of 4 commonly under-expressed (miR-34a, let-7b,
miR-141, and miR-106a) and 2 commonly over-expressed (miR-301 and miR-452) miRNAs.
We were able to verify miR-34a under-expression in all the HPCa-purified CD44+ PCa cells
(Figure 2-14). Let-7b also showed under-expression in the majority (18 out the 21)
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Table 2-3

Table 2-3. Commonly over- and under-expressed miRNAs in tumorigenic PCa
cell populations. a.These 4 populations refer to the 3 CD44+ populations from LAPC9,
LAPC4 and Du145 plus the CD133+ populations from LAPC4. b.These 4 populations refer to
the 3 CD44+ populations from LAPC9, LAPC4 and Du145 plus the α2β1+ populations from
Du145. c. Refer to the 3 CD44+ populations from LAPC9, LAPC4 and Du145 plus the
LAPC4 CD133+ and the Du145 α2β1+ cell populations. d. The 6 populations include the 5
populations in c plus the LAPC9 SP.
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Figure 2-13

Figure 2-13. Commonly and differentially expressed miRNAs in 5 marker
positive populations. Relative expression levels of 4 commonly under-expressed (left
panel) and 2 commonly over-expressed (right panel) miRNAs in marker-positive populations
compared to the corresponding marker-negative populations.
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of samples in the CD44+ HPCa cells (Figure 2-15). Likewise, miR-141 was also detected at
much lower levels in CD44+ than in CD44- cells derived from most HPCa samples (Figure 216). In contrast, although miR-106a was under-expressed, to varying degrees, in all 5
xenograft-derived PCa cells, we detected its under-expression in only ~50% of 21 HPCaderived CD44+ PCa cells (Figure 2-17). In the 2 commonly over-expressed miRNAs, we
detected the over-representation of miR-301 in the CD44+ cells in 18 of 21 HPCa samples
(Figure 2-18). Strikingly, although miR-452 was dramatically upregulated in 4 of the 5
xenograft-derived PCa cell populations, it was actually downregulated in the majority of
CD44+ HPCa cell populations (Figure 2-19). In summary, these experiments validate the
under-expression of miR-34a, let-7b, and miR-141 and over-expression of miR-301 in the
CD44+ HPCa cells.
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Table 2-4

Table 2-4. HPCa sample information. HPCa samples were patient tumors obtained
from the robotic (Da Vinci) surgery. The patient age and Gleason score of each tumor were
indicated. *These were first-generation xenograft tumors established in our lab and used to
purify the CD44+/CD44- cells
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Figure 2-14

Figure 2-14 Validation of miR-34a under-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of miR-34a in the CD44+ populations
compared
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samples.

Figure 2-15

Figure 2-15. Validation of let-7b under-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of let-7b in the CD44+ populations compared to the
corresponding CD44- populations in HPCa samples.
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Figure 2-16

Figure 2-16. Validation of miR-141 under-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of miR-141 in the CD44+ populations compared to the
corresponding CD44- populations in HPCa samples.
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Figure 2-17

Figure 2-17. Validation of miR-106a under-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of miR-106a in the CD44+ populations compared to
the corresponding CD44- populations in HPCa samples.
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Figure 2-18

Figure 2-18. Validation of miR-301 over-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of miR-301 in the CD44+ populations compared to the
corresponding CD44- populations in HPCa samples.
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Figure 2-19

Figure 2-19. Validation of miR-452 over-expression in HPCa CD44+ cells. Bar
graph showing the relative expression of miR-452 in the CD44+ populations compared to the
corresponding CD44- populations in HPCa samples.
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2.4 Discussion
In this part of my Ph.D research work, I have presented the miRNA expression
profiles in tumorigenic PCa populations. Our results show that these CSC-enriched cell
populations display different miRNA expressions compared to the non-tumorigenic
populations. By combining miRNA expression profiles from different CSC populations, we
identified miRNAs commonly and differentially expressed in several different tumorigenic
PCa cells, among which are miR-34a, let-7b, miR-106a, miR-301 and miR-452. This is the
first study to profile miRNA expression in purified PCa stem/progenitor cells, and in an
unbiased way, we have identified several miRNAs that might be important in regulating PCa
stem cell properties.
Many studies have reported miRNA expression profiles in various cancers compared
to corresponding normal tissues. These “cancer-specific” miRNA signatures are certainly
very informative for diagnostic and prognostic purposes (79, 80). These studies reveal that
there is a global down-regulation of miRNAs in cancers and microRNA profiles can be used
to classify different origin and differentiation status of tumors. Our study of miRNA
expression profiles in CSC populations in PCa provides support to these observations. For
example, we find that there are more miRNAs (37 miRNAs) that are under-expressed in the
CD44+ populations than the over-expressed miRNAs (3 miRNAs). Some miRNAs that
turned up in our profiling have also been implicated in other tumor systems. miR-199a*and
miR-214, are drastically under-expressed in three CD44+ populations, and this cluster is
under-expressed in the Type I/CD44+ epithelial ovarian cancer cells and targets CD44 and
Met in hepatocelluar carcinoma cell lines (131, 132). MiR-21, an oncomiR over-expressed in
many cancers (79) and an androgen-receptor regulated miRNA that regulates androgen
dependent and independent PCa cell growth (128), is also one of the top over-expressed
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miRNA in the CD133+ PCa cells, suggesting that a connection might exist between AR with
PCSC.
The miRNA expression profiles in different marker-sorted PCa cell populations may
also be distinct. Some miRNA may be over-expressed in one population but not in the other.
This can be explained because CSCs are heterogeneous and frequently one marker, and,
even a combination of markers, can only partially enrich CSC (3, 139).
To make the results more clinical relevant, we have made efforts to validate some of
these commonly and differentially expressed miRNAs in primary prostate cancer (HPCa)
samples that are freshly removed from the patients. We find that some miRNAs such as
miR-34a, let-7b, miR-141 and miR-301, share similar expression patterns (either underexpression or over-expression) in tumorigenic populations in both xenograft and HPCa
samples. However, some miRNAs such as miR-452 and miR-106a are found to be
differentially expressed only in the xenograft-derived PCa stem/progenitor cells but not in
CD44+ HPCa. Whether this is because of the difference between xenograft and primary
samples, or the differences in tumor subtypes such as Gleason grade, tumor involvement,
and CD44+ cell abundance, etc, needs further characterization.
In summary, we have demonstrated miRNA expression profiles in several
tumorigenic PCa cell populations, and identified several miRNAs that are commonly up- or
down- regulated. These miRNA expression profiles may be of importance for further study of
miRNA functions in prostate and perhaps other types of CSCs.
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Chapter 3 The microRNA miR-34a inhibits prostate cancer stem cells and
metastasis by directly repressing CD44

3.1 Introduction
In the preceding chapter of the dissertation, I presented the miRNA expression
profiling in several prostate CSC populations, and identified several commonly and
differentially expressed miRNAs including miR-34a, let-7b, miR-106a, miR-141, miR-301
and miR-452. We then asked whether these commonly and differentially expressed miRNA
might be involved in regulating CSC properties or PCa development. The current chapter
focuses on miR-34a.
miR-34 is an evolutionarily conserved miRNA family that consist of three members,
miR-34a, miR-34b and miR-34c. The miR-34a gene located at Chr. 1p.36, whereas miR-34b
and miR-34a arise from one genomic locus at Chr. 11q23. MiR-34 has recently emerged as
one of the critical downstream effectors of tumor suppressor gene p53 and p53 activation
leads to upregulation of miR-34a and miR34b/c, which in turn causes apoptosis, cell-cycle
arrest or senescence depending on particular cell types (83, 140-143). In some PCa cells,
miR-34a mediates p53-induced, AR-dependent apoptosis (144). These observations,
together with its somatic loss in neuroblastoma (143, 145), suggest that miR-34a has tumorsuppressive functions. In support, the miR-34a gene appears to be silenced in multiple
cancers due to promoter CpG hypermethylation (146) and reduced miR-34a is associated
with chemoresistance in leukemia and PCa cell lines (147). Also, miR-34a is down-regulated
in a rat hepatocellular carcinogenesis model (148). Moreover, restoration of miR-34a in PCa
(149) and other cancer cells (113, 150, 151) induces cell-cycle arrest and apoptosis or
inhibits invasion.
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3.2 Materials and methods

Transient transfection with oligonucleotides
PCa cells were transfected with 30 nM of miR-34a microRNA mimics or nontargeting negative control miRNA (miR-NC) oligos (Ambion) using Lipofectamine RNAiMax
(Invitrogen) according to the manufacturer’s instructions. In some experiments, antisense
oligonucleotides (i.e., antagomirs) against miR-34a (anti-miR-34a) or scramble control antimiR-NC (anti-NC) oligos (Ambion) were introduced into PCa using the same conditions.
After culturing for overnight to 48 h, transfected cells were harvested for in vitro and in vivo
studies.

Retroviral and lenti-viral mediated overexpression of miR-34a
The MSCV retroviral vector over-expressing of miR-34a (MSCV-34a) and the empty
control vector (MSCV-PIG) were kindly provided by Dr. G. Hannon. PCa cells were infected
with the retroviral supernatant for 48 h in the presence of 8 µg/ml polybrene. Two days after
infection, puromycin was added to the media at 3 µg/ml, and cell populations were selected
for 2 weeks. A lenti-viral vector encoding miR-34a (lenti-miR-34a) and a control lenti-viral
vector (lenti-ctl) were obtained from Systems Biosciences (SBI; Mountain View, CA).
Lentivirus was produced in 293FT packaging cells and titers were determined for the GFPtagged viruses using HT1080 cells. PCa cells were infected at an MOI of 10 - 20 and
harvested for in vitro or in vivo studies 48-72 h post-infection.

Tumor transplantation experiments
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Basic procedures for subcutaneous (s.c) and orthotopic (i.e., dorsal prostate or DP)
tumor transplantations can be found in our earlier publications (43). PCa cells from
maintenance tumors were harvested and transfected with oligos or infected with lenti-viral
vectors. 24 - 48 h later, cells were harvested and implanted, in 50% Matrigel, s.c or in the
DP of intact male NOD/SCID mice.

Therapeutic experiments
PCa cells LAPC9 or PC3 were implanted into the dorsal prostate (DP) of NOD/SCID
mice. On day 22, animals were randomly assigned to miR-34a or NC group, injected
through tail vain with the oligos and terminated when they became moribund. Tumors and
lungs as well as several other organs such as pancreas, spleen, lymph nodes and liver were
harvested. GFP+ metastatic foci in each organ were examined and quantified under a Nikon
SMZ1500 whole-mount fluorescence microscope.

Clonal, and sphere-formation assays
For clonal assays, cultured PCa cells were plated at a clonal density (i.e., 100
cells/well) in a 6-well dish. The number of holoclones was enumerated at several days to 2
weeks after plating. For sphere-formation assays, cells were plated (5,000–20,000 cells/well)
in serum-free prostate epithelial basal medium (PrEBM) supplemented with 4 µg/ml insulin,
B27 (Invitrogen), and 20 ng/ml EGF and bFGF in ultra-low attachment (ULA) plates. Floating
spheres that arose in 1–2 weeks were counted. For all these experiments, a minimum of
triplicate wells was run for each condition and repeat experiments were performed when
necessary and feasible.
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miR-34a binding site, site-specific mutation and luciferase experiments
We used RNA22 to compute putative binding site for miR-34a. 3’UTR of CD44 from
LNCaP genomic DNA were cloned into pGEM-T vector (Promega). For site-specific
mutagenesis, we mutated the region that is complementary to miR-34a seed sequence
using the Quick change II site-directed mutagenesis kit (Stratagene). For luciferase assay,
we cloned wild-type or mutated 3’UTR of CD44 into pmiR-REPORTER miRNA expression
reporter vector (Ambion). PCa cells were seeded in 24-well plates (3 × 104 cells per well)
and co-transfected with 1 µg reporters with 24 pmol miR-34a or miR-NC together with
Renilla luciferase internal normalization plasmid (phRL-CMV). The ratio of firefly to Renilla
luciferase activity was determined with a dual luciferase assay (Promega) 48 h later.

Migration and invasion assays
Invasion assays in CD44+ and CD44− Du145 cells were performed using Matrigel
Invasion Chamber (8-µm pore size, BD). We carried out migration assays in a similar way
but without the Matrigel. For the rescue experiments, we infected CD44+ Du145 cells with
pBabe-puro or pBabe-CD44 (Addgene) retroviruses in the presence of 8 µg/ml polybrene.
After 24 h, we transfected cells with miR-34a oligos before invasion assays. In these
experiments, the percentage of invaded cells was converted into an invasion index, which
was considered as one in all control groups.

shRNA lenti-viral systems
CD44 knockdown experiments were performed using pGIPz-CD44shRNA (CD44-sh)
or pGIPz-NS (non-silencing) lentiviruses (Open Biosystems) at a multiplicity of infection
(MOI) of 20.
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BrdU incorporation assays and SA-βgal staining
Cells grown on coverslips were pulsed for 4 h with 10 µM BrdU, fixed in 4% PFA
(paraformaldehyde) and denatured in 2 M hydrochloric acid (HCl) in 1% Triton at room
temperature (RT) for 15 min followed by neutralization with 0.1 M sodium borate (Na2B4O7)
at RT for 10 min. After blocking with 20% goat whole serum, cells were stained for nuclear
BrdU using anti-BrdU antibody (i.e., the Bu20a hybridoma) followed by FITC- or Texas Redconjugated secondary antibodies. DAPI (4',6-diamidino-2-phenylindole) was used for 10 min
at RT for nuclear counterstaining.
For senescence β-gal staining, PPC-1 cells were transfected with miRNA-mimic
oligos for 24 h, after which cells were fixed with 0.5% glutaraldehyde in PBS for 15 min at
RT. After being washed with PBS, cells were stained in X-Gal staining solution (1 mg/ml XGal, 40 mM citric acid/sodium phosphate, pH 6.0, 5 mM potassium ferricyanide [K3Fe(CN)6],
5 mM potassium ferrocyanide [K3Fe(CN)6], 150 mM NaCl, 2 mM MgCl2 ) at 37°C for 12 h.
Cells with blue staining were counted.

Statistical analyses
In general, unpaired two-tailed Studentʼs t-test was used to compare differences in
cell numbers, cumulative PDs, percentages of CD44+, % BrdU+ cells, % cell-cycle phases,
cloning and sphere-formation efficiency, and tumor weights. Fisherʼs Exact Test and Χ2 test
were used to compare incidence and latency. In all these analyses, a P < 0.05 was
considered statistically significant.
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3.3 Results

3.3.1 Enforced expression of miR-34a inhibited PCa development.
We transfected AR-positive (LAPC9 and LAPC4) or AR-negative (Du145 and PPC1)
xenograft-derived PCa cells with pre-miR-34a oligonucleotides or pre-miR-NC (negative
control). The pre-miRNA oligonucleotides are double-stranded RNA that mimics the
endogenous mature miRNA, which will not need further processing through Dicer, and the
NC oligos are double-stranded RNA that mimics miRNA but with scramble sequences that
are tested to have no biological effect in cells. As shown in Figure 3-1, over-expression of
miR-34a significantly inhibited LAPC9 tumor growth in the orthotopic site (i.e. dorsal prostate,
or DP) evidenced by smaller average tumor weights and lower tumor incidences. Similar
tumor suppressive effects of miR-34a were also observed in LAPC4 and Du145 models
(Figure 3-2).
Over-expression of miR-34a in HPCa58 cells, derived from the xenograft of a
primary human PCa sample, produced significantly smaller tumors than the same cells
transfected with NC oligos (Figure 3-3). Importantly, miR-34a also inhibited the secondary
transplantation of HPCa58 cells (Figure 3-3), indicating that miR-34a might be inhibiting the
CSC populations in the HPCa58 tumors.
Enforced expression of miR-34a also significantly halted PPC-1 tumor growth when
we electroporated pre-miR-34a oligos into PPC-1 cell, and then reintroduce the oligos
intratumorally every 7 days (Figure 3-4).
We also utilized a lentiviral vector (lenti-34a) and a retroviral vector (MSCV-34a) to
over-express miR-34a in PCa cells. Tumor regenerations of LAPC4, Du145 and LAPC9
cells were inhibited by the viral vector-mediated over-expression of miR-34a (Figure 3-5).
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Figure 3-1

Figure 3-1. Over-expression of miR-34a in LAPC9 significantly inhibited
orthotopic tumor growth. A. Shown is the mean tumor weight. P value of mean tumor
weight is indicated. B. Shown are the tumor images, mean tumor weight and incidence
(tumor outgrowth/number of injections) are listed on the right.
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Figure 3-2

Figure 3-2. Over-expression of miR-34a in LAPC4 and Du145 cells significantly
inhibited subcutaneous tumor growth. Shown are the representative tumor images,
mean tumor weight, harvest date, incidence (tumor outgrowth / number of injections) and
the P values for mean tumor weight are listed on the right.
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Figure 3-3

Figure 3-3. miR-34a over-expression inhibited HPCa58 tumor regeneration.
Shown are bar graphs for the mean tumor weight for the first and second generations. P
value for tumor weight in each generation is indicated. Black, lenti-control; grey, lenti-34a.
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Figure 3-4

Figure 3-4. Repeat delivery of miR-34a halted PPC-1 tumor growth. Arrowheads
indicate delivery of miR-34a or NC oligo intratumorally.
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Figure 3-5

Figure 3-5. miR-34a over-expression by a lentiviral or a retroviral vectors
infection inhibits PCa regeneration. MiR-34a over-expression by lentiviral infection
inhibits LAPC4 tumor growth (A). miR-34a over-expression by retroviral infection inhibits
Du145 tumor regeneration (B). Shown are the representative tumor images, mean tumor
weight, harvest date, incidence (tumor outgrowth/number of injections) and P values for
mean tumor weight are indicated on the right.
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When anti-sense oligos of miR-34a (i.e., anti-miR-34a) that were specifically
designed to bind to and inhibit endogenous mature miR-34a were introduced into LAPC9
cells, they promoted LAPC9 tumor growth with tumors twice as big as in control group
(Figure 3-6A). Anti-miR-34a also promoted lung metastasis (Figure 3-6B).
We also made efforts in validating and characterizing miR-34a levels in PCa cells (or
in tumors) when miR-34a levels were manipulated (Figure 3-7). As expected, miR-34a
transfected PCa cells showed miR-34a levels at several orders of magnitude higher than
cells transfected with miR-NC. In contrast to freshly transfected cells, the residual tumors
showed only a marginal or no increase in miR-34a levels, which could explain why miR-34aoverexpressed PCa cells still regenerated some tumors. As validations of the specificity of
anti-34a, the antagomir-transfected LAPC9 cells showed reduced endogenous miR-34a
(Figure 3-7).

3.3.2 miR-34a inhibited tumor regeneration of CD44+ PCa cells whereas antimiR-34a promoted tumor regeneration of CD44- PCa cells.
Since miR-34a was shown to be significantly under-expressed in prostate CSCs, we
decided to evaluate whether miR-34a may have a direct effect on at least one prostate CSC
population. We therefore performed tumor growth experiments using purified CD44+ or
CD44− PCa cells that had been subjected to manipulation of miR-34a levels. Overexpression of miR-34a in CD44+ Du145 cells completely blocked their tumor initiation ability
(Figure 3-8A). Similarly, CD44+ LAPC9 cells transfected with miR-34a oligos, generate fewer
and smaller tumors compared to the NC group (Figure 3-8B).
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Figure 3-6

Figure 3-6. Anti-miR-34a enhances LAPC9 tumor growth and lung metastasis.
A. Anti-miR-34a promotes orthotopic LAPC9 tumor growth. B & C. Anti-miR-34a promotes
LAPC9 lung metastasis. Shown in B is the quantification of GFP+ foci/lung and in C are
representative phase and GFP images of 3 lungs from each group (scale bar, 100 µm).
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Figure 3-7

Figure 3-7. Validations of miRNA level in freshly transfected cells and residue
tumors. Shown are the mean miR-34a levels (in log scale; n = 3) in miR-34a transfected
cells (A) relative to those in the miR-NC transfected cells (actual mean values indicated in
the bars), in residual tumors (B) and in anti-sense oligo transfected LAPC9 cells (C).

	
  

67	
  

Figure 3-8

Figure 3-8. Over-expression of miR-34a in CD44+ PCa cells significantly
suppressed tumor regeneration. Shown are the representative tumor images.
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We also performed the knockdown experiments by introducing an antisense inhibitor
of miR-34a (anti-34a) into purified CD44- Du145 or LAPC9 cells, which are less tumorigenic
than the corresponding CD44+ cells. Knocking down endogenous miR-34a in CD44- Du145
cells developed larger tumors than those with anti-NC oligos (Figure 3-9). Likewise, anti-34a
also promoted tumor growth in purified CD44- LAPC9 cells. Notably, we observed an
increase of lung metastasis in anti-34a mice when we quantified the GFP-bright foci (≥1
mm3) in the mouse lungs. Taken together, these in vivo experiments in purified PCa cells
suggest that miR-34a negatively regulates the tumor-initiating capacity of prostate CSCs.
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Figure 3-9

Figure 3-9. Knocking down miR-34a by antisense oligos promoted tumor
regeneration of CD44- Du145 cells. Shown are the representative images of tumor when
we knocked down miR-34a by antagomir into Du145 CD44- cells.
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3.3.3 Therapeutic effects of miR-34a in PCa xenograft models
The above observations that enforced expression of miR-34a significantly inhibited
tumor development and our pilot experiment in which repeated intratumoral injections of
miR-34a into subcutaneous PPC-1 tumors halted tumor growth (Figure 3-5) suggest that
miR-34a may exert therapeutic efficacy in PCa. To directly test this possibility, we designed
experiments to mimic clinical situations in which we delivered the miR-34a oligos
systemically through tail vein injection into the mice bearing a pre-established orthotopic
prostate tumor that was implanted 3 weeks earlier. As shown in Figure 3-10, miR-34a
treatment significantly inhibited the growth of PC3 tumors. By the time we terminated the
mice, the average weight of miR-34a tumors was only half of the control tumors. In another
set of therapeutic experiments in LAPC9 model, we decided to focus on the effect of miR-34
on tumor metastasis and animal survival. MiR-34a treatment extended the survival of mice
bearing orthotopic LAPC9 tumors (Figure 3-11), likely attributed to the inhibitory effects of
miR-34a on lung metastasis as supported by quantification of GFP-bright foci (Figure 3-12).
Tumor cell dissemination to some other organs such as pancreas was also reduced by miR34a treatment (not shown).
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Figure 3-10

Figure 3-10. Therapeutic effects of miR-34a on PC3 tumor growth. miR-34a oligo
and NC oligo were delivered through tail vein injection every other day. Shown is the bar
graph of mean tumor weight (g) and the P value.
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Figure 3-11

Figure 3-11 Therapeutic effects of miR-34a in LAPC9 tumor-bearing mice.
Systemically delivery of miR-34a in LAPC9 tumor bearing mouse significant inhibited lung
metastasis and extended the mice survival. Shown in A is the mouse survival curve (KaplanMeier analysis) and in B the quantification of lung metastasis (averaged GFP+ foci per lung).
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Figure 3-12

Figure 3-12. Systemic miR-34a inhibited LAPC9 lung metastasis. Shown are
representative lung images illustrating dramatically reduced lung metastases in the miR-34a
treated group compared to the miR-NC group. Animal tag number and tumor weight are
indicated. Scale bar, 100 µm.
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3.3.4 Biological effects of miR-34a in PCa cells
Consistent with the reported effects of miR-34a on proliferation, apoptosis and
senescence, miR-34a also exerted a cell type specific inhibitory effect in PCa cells. Overexpression of miR-34a in Du145 inhibited proliferation by inducing cell cycle arrest as
indicated by BrdU staining (Figure 3-13). PC-3 cells with enforced expression of miR-34a
showed a suppressed proliferation and activation of apoptosis (Figure 3-14). Increased cell
senescence cells as assessed by senescence-associated β-gal (SA-βgal) staining was
observed in PPC-1 cells transfected with miR-34a, which partly explained the inhibition of
proliferation in these cells (Figure 3-15).
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Figure 3-13

Figure 3-13. miR-34a inhibited Du145 cell proliferation. Shown in A are the
cumulative cell numbers or population doublings (PDs) as a function of time and bars
represent the mean ± S.D (*P < 0.05; **P < 0.001). Shown in B are representative
microphotographs (scale bar, 10 µm). Shown in C are the results of BrdU incorporation
assays. Presented in the bar graph is the mean % of BrdU-positive cells (*P < 0.001) and
representative images (scale bar, 10 µm) of BrdU staining.
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Figure 3-14

Figure 3-14. Effects of miR-34a over-expression on PC3 cells. Shown in A are
the cumulative cell numbers or population doublings (PDs) as a function of time and bars
represent the mean ± S.D (*P < 0.05; **P < 0.001). Shown in B are representative
microphotographs (scale bar, 10 µm). C. miR-34a induces apoptosis in PC3 cells. PC3 cells
transfected with miR-34a were harvested and used in DEVDase assays, which measure
caspase-3 or 7 (C3/7) activities.
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Figure 3-15

Figure 3-15. Effects of miR-34a over-expression on PPC-1 cells. Shown in A are
the cumulative cell numbers or population doublings (PDs) as a function of time and bars
represent the mean ± S.D (*P < 0.05; **P < 0.001). Shown in B are representative
microphotographs (scale bar, 10 µm). Presented in C is the % of BrdU+ cells (mean ± S.D; n
= 3). Shown in D are total number of SA-βgal+ cells (n = 3) and representative
microphotographs (below; scale bar, 10 µm).
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3.3.5 miR-34a regulates the stem cell properties of PCa cells
To further investigate the miR-34a effects on CSC properties, we performed in vitro
clonal, clonogenic and sphere formation assays. Over-expressing miR-34a significantly
inhibited the clonal formation of Du145 cells (Figure 3-16). Control oligo transfected Du145
cells formed large compact clones, whereas miR-34a oligo transfected cells generally
formed fewer, smaller and less compact, scattered clones. Previous work from our lab has
shown that large compact clones (holoclones) contain self-renewing CSCs than the loosely
compacted clones (meroclones or paraclones) (42). Similarly, miR-34a also greatly inhibited
clonogenic sphere formation of Du145 (Figure 3-17) and LAPC4 (Figure 3-18) cells plated in
Matrigel, under which conditions essentially all spheres were found to be of a clonal origin
as revealed by our mixing (i.e., mixing unlabeled cell at 1:1 ratio with GFP-labeled cells)
experiments (data not shown). In addition, miR-34a inhibited sphere formation in primary
HPCa cells. HPCa cells over-expressing miR-34a formed tiny or differentiated spheres
(Figure 3-19). Notably, over-expression of miR-34a abrogated secondary sphere
establishment in HPCa cells. When introduced into purified CD44+ HPCa116 cells, overexpression of miR-34a significantly inhibited its sphere formation (Figure 3-20A), whereas
anti-34a transfected CD44- HPCa116 cells increased the inherently low sphere-forming
capacity by almost 4 fold (Figure 3-20B). All together, these observations strongly suggest
that miR-34a negatively regulates prostate CSC properties.
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Figure 3-16

Figure 3-16. miR-34a inhibited clonal formation in Du145 cells. Shown are the
average counts of holoclones (n=3) in three independent experiments. P values are
indicated.

	
  

80	
  

Figure 3-17

Figure 3-17. miR-34a inhibited colony formation in Du145 cells. Du145 cells
transfected with miR-34a or NC oligo together with non-transfected cells (NT) were plated
for clonogenic assays in Matrigel. Shown are the average counts of colonies generated (n=3)
in each group. P values are indicated.
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Figure 3-18

Figure 3-18. miR-34a inhibited LAPC4 cells colony formation of in the Matrigel
and floating sphere formation in ultra low attachment plates. Shown are the bar graphs
of colonies (A) and spheres (B). P values are indicated.
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Figure 3-19

Figure 3-19. miR-34a inhibited prostasphere formation in HPCa cells. HPCa101
(Gleason 9), HPCa107 (Gleason 7), HPCa109 (Gleason 7), and HPCa112 (Gleason 6),
were plated in triplicate in ULA plates in serum-free medium containing B27, EGF, and
bFGF and spheres enumerated (A). Shown in B are representative images of spheres
formed by primary HPCa cells. Scale bar, 20 µm.
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Figure 3-20

Figure 3-20. Effects of miR-34a and anti-34a on sphere formation in purified
CD44+ or CD44- HPCa116 cells. HPCa116 CD44+ cells were transfected with miR-34a or
NC oligo (A) whereas CD44- cells were transfected with the antisense oligo (B). Cells were
plated for sphere formation assays. Shown are the bar graphs and the P value is indicated.
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3.3.6 Identification of direct downstream targets of miR-34a
Based on the observations that miR-34a seems to restrict some stem cell properties
of PCa cells, we hypothesized that miR-34a might directly regulate some stem cell related
molecules. Among more than 1,000 targets predicted by online search programs, two genes,
i.e., CD44 and NANOG are of great interest to us because our lab has been studying both
molecules.

3.3.6.1 Identification of CD44 as a direct target of miR-34a
Using the target predicting program RNA22 (152), we observed 2 putative binding
sites in 3’-UTR of human CD44 mRNA (Figure 3-21). Together with our observations that
miR-34a is significantly down-regulated in CD44+ PCa stem/progenitor populations, we
hypothesize that CD44 may be a direct downstream target of miR-34a.
Consistent with our hypothesis, the residual tumors from miR-34a transfected Du145
and PC3 cells showed a significant reduction in CD44 protein level (Figure 3-22A). We then
performed Western blotting of CD44 in miR-34a over-expression Du145 cells and we
observed a 60% reduction in CD44 protein level upon transfection of miR-34a (Figure 322B).
To test whether the regulation was direct, we performed luciferase reporter assay. 3’UTR of CD44 mRNA were constructed into a luciferase reporter construct (pMIR-Reporter,
Ambion, TX). Co-transfection of miR-34a but not NC specifically reduced luciferase activity
of the wild type reporter (Figure 3-23). Moreover, mutations in the seed sequence abolished
the miR-34a –repressed luciferase activity (Figure 3-23).
To determine whether CD44 is a functionally important target of miR-34a in the context of
PCa development, we knocked down CD44 expression using a lenti-viral vector carrying a
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short hairpin RNA (shRNA) against CD44 in LAPC4, PC3 and Du145 cells. Knockdown of
CD44 inhibited both orthotopic tumor formation and lung metastasis in LAPC4 cells (Figure
3-24) as well as in PC3 cells (Figure 3-25). These results not only show that CD44 has a key
role in determining the tumorigenic and metastatic capacity of PCa cells but also indicate
that knockdown of CD44 phenocopies the anti-PCa effects of miR-34a. Mechanistically, the
CD44+ PCa cells showed higher migratory and invasive capacities than CD44- cells, and
these capacities were partially inhibited by miR-34a (Figure 3-26A). Rescue experiments
wherein CD44 was over-expressed using a cDNA that lacked the 3’- UTR containing the
miR-34a binding sites abrogated miR-34a-mediated inhibition of invasion of CD44+ Du145
cells (Figure 3-26B), reinforcing the idea that CD44 is a direct and functional target of miR34a.

	
  

86	
  

Figure 3-21

Figure 3-21. In silico analysis using RNA22 revealed putative miR-34a binding
sites in 3’-UTR of CD44.

	
  

87	
  

Figure 3-22

Figure 3-22. CD44 protein level was reduced by over-expressing miR-34a.
Shown in A are the IHC staining images of CD44 in tumors from miR-34a or control
transfected Du145 and PC3 cells (left) and Western blotting of CD44 in Du145 tumors from
MSCV-34a over-expression (right). Shown in B are the Western blotting of Du145 (left) and
PPC-1 (right) cells freshly transfected with miR-34a oligos. Relative CD44 protein levels
were indicated at the bottom.
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Figure 3-23

Figure 3-23. Luciferase reporter assays in Du145 cells. Luciferase reporter vector
harboring wild type (wt) or mutated (M1, mutated at the putative binding site 1, M2, Mutated
at the putative binding site 2) were co-transfected with NC or miR-34a oligo. Relative
luciferase activities are presented. *P<0.01.
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Figure 3-24

Figure 3-24. CD44 knockdown inhibits LAPC4 tumor growth and lung
metastasis. Purified LAPC4 cells were infected with either non-silencing (NS) pGIPz control
lenti-viral vector or pGIPz-CD44shRNA. Tumors were harvested and weighed (A) and lungs
were harvested to image and quantify GFP+ pulmonary metastases (B&C). Shown are two
representative animals from each group (n = 7). Scale bar, 100 µm.
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Figure 3-25

Figure 3-25 CD44 knockdown inhibits PC3 cell lung metastasis. PC3 cells were
infected with pGIPz control (a) or pGIPz-CD44shRNA (b) lenti-viral vectors. Tumors were
harvested (tumor weights showed no difference between the two groups) and lungs were
imaged and quantified for GFP+ pulmonary metastases. The CD44-shRNA animals showed
much less lung metastasis than in NS-shRNA animals. Shown in A is the bar graph for
averaged count of GFP+ foci in the lung, and shown in B and C are representative images of
5 lungs for each group (animal number and tumor weight indicated). Scale bar, 100 µm.
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Figure 3-26

Figure 3-26. Rescue experiment in CD44+ Du145 cells by invasion assay. MiR34a inhibited CD44+ Du145 cell invasion (left), and CD44 over-expression by a vector that
lack 3’-UTR partially rescue the inhibition (right).
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3.3.6.2 Identification of Nanog as a direct target of miR-34a
Nanog, a homeobox transcription factor play an important role in regulate embryonic
stem cell (ESC) self-renewal and pluripotency, recently have been reported to also regulate
CSC activity and tumor development (153). Noteworthy, knocking down Nanog using
shRNA phenocopied tumor-inhibitory effects of overexpression of miR-34a (153). In silico
analysis using the target prediction software RNA22 revealed that mRNA of NANOG and
NANOG pseudogene 8 (NANOG P8, a splicing variant predominantly expressed in cancer
cells) indeed contained 2 putative binding site of miR-34a (Figure 3-27). Based on these
observations, we proposed that Nanog might be another important direct target of miR-34a
We first performed Western blotting to test whether over-expression of miR-34a
would repress Nanog protein levels. Nanog, which is normally expressed at very low level in
Du145 cells, increased by γ-irradiation in a dose-dependent manner (unpublished
observation). Transfection of Du145 cells with miR-34a, but not NC, completely blocked
irradiation-induced upregulation of Nanog (Figure 3-28). Pilot luciferase experiments
indicated that the candidate miR-34a binding sites at the 3’-UTRs of Nanog/NanogP8 are
functional. These preliminary data suggests that miR-34a might directly target Nanog. In
further support, Choi et al. recently reported that miR-34a directly targets Nanog, Sox2 and
Mycn and consequently regulates somatic reprogramming and iPSC (induced pluripotent
stem cell) differentiation (154).
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Figure 3-27

Figure 3-27. In silico analysis using RNA22 revealed putative miR-34a binding
sites in 3’-UTR of Nanog and NanogP8.
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Figure 3-28

Figure 3-28. Western blotting of Nanog protein in Du145 cells. Du145 cells were
either γ-irradiated alone at 2-8Gy or irradiated at 8Gy after transfection of miR-34a or NC,
cells were harvested and used for western blotting with two different antibodies, N17 (goat
pAb against N-terminus 17aa) and H155 (Rb pAb against C-terminus 155 aa). The Nanog
proteins were indicated by arrow, asterisk indicated non-specific bands. Actin was included
as loading control.
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Figure 3-29

Figure 3-29. Pilot luciferase reporter assay of Nanog 3’-UTR. Co-transfection of
miR-34a with the luciferase vector harboring wild type Nanog 3’-UTR significantly reduced
its relative luciferase activity, compared to co-transfection with NC.
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3.3.7 miR-34a upstream regulations
We then tried to understand how miR-34a might be under-expressed in PCa
stem/progenitor cell populations. We first employed qRT-PCR analysis to correlate the
expression levels of endogenous miR-34a and, for comparisons, miR-34b, miR-34c, and let7b, with the p53 status (Figure 3-30A) in 10 prostate (cancer) cell types, which included two
normal human prostate epithelial cell strain (NHP) NHP8, NHP9, and an immortalized NHP9
(NHP9-IM) cells, all expressing wild-type (wt) p53, and LNCaP, LNCaP subline C4-2, PC3,
PPC-1, and Du145 cells, as well as LAPC4 and LAPC9 cells freshly purified from xenograft
tumors. The two LNCaP lines express wt p53. LAPC9 cells also expressed wt p53 as
revealed by our genomic DNA sequencing of exons 5-8. PC3 and PPC-1 cells were p53 null
whereas Du145 and LAPC4 cells harbor mutant p53. We observed that the four PCa cell
types harboring mutant (Du145 and LAPC4) or null (PC3 and PPC-1) p53 had much lower
levels of miR-34a than the six cell types with wild-type (wt) p53 (Figure 3-30B), suggesting
that p53 may also regulate baseline miR-34a expression in prostate (cancer) cells. In NHP8,
NHP9, NHP9-IM, and LAPC9 cells with wt p53, miR-34a was expressed at similar levels but,
interestingly, p53-wt LNCaP and C4-2 cells expressed much higher levels of miR-34a
(Figure 3-30A). miR-34b and miR-34c, in contrast, showed similar expression patterns but
were not strictly correlated with the p53 status (Figure 3-30A). For example, in p53 null or
mutant cells, PPC-1, PC3, and LAPC4 cells displayed low level of miR-34b and miR-34c as
expected, but Du145 cells showed extremely high levels of both miRNAs, suggesting miR34b/c might have some p53-independent regulations in certain PCa cells. Similarly, miR-34b
and miR-34c levels showed wide variations in the six p53-wt cell types (Figure 3-30A).
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Figure 3-30

Figure 3-30. Correlation of miR-34a, miR-34b, miR-34c and let-7 levels with the
p53 status in 10 prostate and PCa cell lines. Shown in A are the relative miRNAs levels
analyzed by qPCR (miRNA levels in PPC-1 were designated as 1). Shown in B is the
Western blotting of p53 in cell lines indicated. Actin is included as loading control.
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We further tried to activate p53 to see whether the miR-34a level would increase. We
treated LNCaP cells with paclitaxel and three DNA-damaging agents, i.e., doxorubicin,
etoposide, and γ-irradiation (X-ray). All 4 treatments activated p53 as evidenced by
increased p53 levels (Figure 3-31A). Etoposide and X-ray treatments induced increased
mRNA levels of p53 target gene p21 (Figure 3-31B), whereas etoposide and taxol, to a less
degree, induced apoptosis evidenced by activated caspase-3. These results suggest that
LNCaP cells respond to p53 activation with different outcomes. When miR-34a and miR34b/c levels were measured in treated LNCaP cells, we observed that the miR-34a levels
did not show any significantly changes except ~2-fold increase in cells 48 h after irradiation
(Figure 3-31C). In contrast, both etoposide and X-ray increased miR-34b and miR-34c
levels by several fold (Figure 3-28C). This result suggests that miR-34a expression may not
be restricted to p53 regulation.
In further support, when we tried to correlate the endogenous mRNA levels of miR34a with those of p53 and c-Myc, the latter of which has been reported to repress miR-34a
expression (85), in CD44+/CD44- HPCa cells purified from 14 patient tumors, the results did
not reveal differential expression of p53 and c-Myc in CD44+ vs. CD44- HPCa cells that
could explain reduced miR-34a in CD44+ cells (Figure 3-32).
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Figure 3-31

Figure 3-31. p53 activation in LNCaP cells differentially affects miR-34 family
members. A. Western blotting for p53, p21, or GAPDH (loading control) in LNCaP cells
treated with paclitaxel (Taxol, 25 nM), doxoribicin (Dox, 10 ng/ml), etoposide (Etop, 50 nM),
or γ-irradiation (10 Gy). B. Verification by qRT-PCR of upregulation of p21 mRNA in LNCaP
cells treated with etoposide (Etop) and γ-irradiation (X-ray). C. qPCR of miR-34a (left), miR34b (middle) and miR-34c (right) levels in treated LNCaP cells.
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Figure 3-32

Figure 3-32. Correlation of miR-34a expression with p53 and Myc level in CD44+
HPCa samples. Shown are the relative expression levels of mature miR-34a (A), p53 (B),
and c-Myc (C) mRNA by qPCR analysis in CD44+/CD44- cell fractions purified from 14
HPCa samples. The results were relative expression levels in CD44+ over the corresponding
CD44- HPCa cells.
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3.4 Discussion
miRNAs play an essential role in regulating both normal and cancer stem cell
properties and deregulation of miRNA expression has been implicated in tumorigenesis.
Several PCa stem/progenitor cell populations have been reported but it remains unclear
whether those differentially expressed miRNAs may regulate their biological and tumorigenic
properties. In last section, we presented data showing that, by screening a library of 310
miRNAs, miR-34a, a recently identified tumor-suppressive miRNA and a direct p53 target,
was significantly under-expressed in PCa stem/progenitor cell-enriched cells, in particular, in
the CD44+ PCa cells in both xenograft and primary patient tumors. In this chapter, we have
focused on the biological functions of miR-34a in PCa cells.
Enforced expression of miR-34a in bulk PCa cells inhibits PCa cell expansion in vitro
and tumor development in vivo, whereas knocking down endogenous miR-34a by antigomir
promotes tumor regeneration and metastasis. More importantly, over-expression of miR-34
in purified CD44+ PCa cells completely abrogates tumor regeneration. Replating assays and
serial tumor transplantation assays demonstrate that miR-34a negatively regulates CSCassociated properties in long-term cultured PCa cells as well as in fresh HPCa cells. Of
great significance, we have obtained evidence that miR-34a may directly target CD44 itself,
and knocking down of CD44 in multiple PCa models phenocopies the miR-34a effects.
Previous work from our lab and others’ has shown that the CD44+ PCa cell
population is enriched in highly tumorigenic and metastatic cells. Furthermore, CD44 is
intimately involved in development and metastasis of multiple tumor types and CD44, as a
cell surface adhesion molecule, has been utilized, either individually or in combination with
other molecules, as a marker of cancer stem cells in numerous tumor systems. Importantly,
anti-CD44 mAbs have been demonstrated to possess potent therapeutic effects against
CSCs and are in clinical trials. Our study also reveals that systemically delivered miR-34a
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possesses therapeutic efficacy against pre-established PCa, extending the survival of
tumor-bearing animals as a result of inhibiting metastasis. These observations may
establish a strong rationale for developing miR-34a as a novel PCa therapeutic.
To understand the potential upstream regulators of miR-34a in PCa cells, we have
first surveyed whether the genomic locus where miR-34a is located (i.e., chr.1p36) is
frequently mutated or deleted in PCa. We find that although the genomic region chr.1p36 is
frequently lost in neuroblastoma and pancreatic cancer, it’s not a mutation hotspot for PCa.
Interestingly, one of the enzymes involved in the miRNA maturation, Dicer, has been
reported to be upregulated in PCa cells, which would be inconsistent with our and others’
observations that cancers including PCa generally show a global reduction of miRNAs
compared to normal or benign cells. Whether Dicer is differentially expressed in the CSC
compartment is not clear and will be our future pursuit. miR-34a can be epigenetically
silenced by DNA methylation in multiple cancers including prostate and pancreatic cancer
cell lines. However, when we treated Du145 cells with the DNA methyltransferase inhibitor
5-aza-2'-deoxycytidine and histone deacetylation inhibitor Trichostatin A (TSA), we were
unable to observe the restoration of miR-34a level (data not shown). Finally, since miR-34a
represents a direct downstream target of p53, we then focus our attention on the p53
regulation of miR-34a expression in PCa cells. We found that, indeed, the basal level of the
miR-34a and miR-34b/c correlated with the p53 status in 10 prostate and PCa cell lines. In
LNCaP cells, the miR-34 family members seem to respond differently to the p53 activation,
in which miR-34b/c level increased several fold whereas miR-34a levels do not. These
results may be explained by the fact that LNCaP cells endogenously express high levels of
miR-34a and consequently, p53 activation would not further upregulate miR-34a levels. In
contrast, LNCaP cells express hardly detectable endogenous miR-34b/c and therefore p53
activation induces their upregulation. Disappointingly, correlating the miR-34a levels with
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those of p53 or Myc mRNA in purified CD44+ HPCa cells does not reveal any positive
correlation. Further investigations will be needed to understand how miR-34a is underexpressed in the CSC enriched PCa cell populations.
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Chapter 4 Functional studies of let-7 and miR-301 in PCa cells

4.1 Introduction
In previous sections, I presented our miRNA expression profiling in prostate CSC
populations, and reported several miRNAs that are commonly and differentially expressed,
including four under-expressed miRNAs, namely, miR-34a, let-7b, miR-106a and miR-141,
and two over-expressed miRNAs, namely, miR-301 and miR-452. We then carried out
functional investigations on miR-34a and showed that the miR-34a is a critical negative
regulator of PCa development and metastasis by regulating prostate CSCs and directly
repressing CD44. In this chapter, I focus on two other miRNAs, one commonly underexpressed, let-7b, and one commonly over-expressed, miR-301, for the following reasons.
First, both let-7b and miR-301 are commonly and differentially expressed in xenograft –
derived PCa stem/progenitor cells. In fact, four let-7 miRNA members (i.e., let-7a, let-7b, let7e and let-7f) are under-expressed in all three CD44+ PCa cell populations. We speculate
that under-expression of let-7 or over-expression of miR-301 may also be causally involved
in regulating prostate CSC properties and PCa development. Secondly, both the underexpression of let-7b and over-expression of miR-301 are validated in the CD44+ HPCa cells
establishing a potential clinical relevance in PCa patients.
Let-7 miRNA family is evolutionarily conserved miRNA, first discovered in controlling
the developmental timing in C. elgans (57). In human, let-7 miRNA family consists of 12
members sharing the same seed sequence including let-7a (from three precursors, let-7a-1,
let-7a-2, and let-7a-3), let-7b, let-7c, let-7d, let-7e, let-7f (from two precursors, let-7f-1 and
let-7f-2), let-7g, let-7i and miR-98. Extensive profiling of miRNA expression in human tumor
samples and cancer cell lines has revealed that the let-7 miRNA family is under-expressed
in various human cancers, most notably, in breast cancer and lung cancer indicating their
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tumor suppressor functions (97, 106, 155-157). As observed in the original study in C.
elegans, let-7 act as critical regulators of proliferation in human cancer cells. Let-7 miRNAs
target several cell cycle related genes including cyclin D2, cycle A2, CDK6, CDK25, E2F5
(93, 156). As tumor suppressors, let-7 miRNAs also target oncogenic genes such as Ras,
Myc, BCL-2, and HMGA2 (156, 158). Most relevant to my studies, let-7 miRNA family has
also been shown to be under-expressed in breast tumor initiating cells

(BT-IC) and

negatively regulate BT-ICs (106). Based on these studies, and our observations that let-7b
is commonly under-expressed in several prostate CSC-enriched PCa cell populations, we
speculate the let-7b may also negatively regulates prostate CSCs and prostate cancer
development.
MiR-301, on the other hand, is a less studied miRNA with respect to its function in
cancer and its downstream targets. Genomically, miR-301 is an intronic miRNA localized in
the host gene ska2 whose function is not clear (159). miR-301 is differentially expressed in
pancreatic cancer, hepatocelluar carcinoma and small cell lung cancer (160-162). Recently,
miR-301 has been shown to promote breast cancer cell proliferation and invasion (163).
To investigate the functions of let-7 and miR-301 in regulating PCa development, we
take similar experimental strategies to those when we explored the miR-34a functions, by
performing in vivo tumor regeneration and in vitro proliferation, clonal and sphere formation
assays.

4.2 Materials and methods
Cells, xenografts, and animals
PPC-1, PC3, and Du145 cells were obtained from ATCC and cultured in RPMI-1640
plus 7% fetal bovine serum (FBS). Human xenograft prostate tumors, LAPC9 (bone
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metastasis; AR+ and PSA+), LAPC4 (lymph node metastasis; AR+ and PSA+), and Du145
(brain metastasis; AR- and PSA-) were maintained in NOD/SCID mice that were produced
mostly from our own breeding colonies maintained in standard conditions according to the
Institutional guidelines.

Transient transfection with oligonucleotides
PCa cells were transfected with 30 nM of let-7a, let-7b, or miR-301 mirVana mimics
or non-targeting negative control miRNA (miR-NC) oligos (Ambion) using Lipofectamine
RNAiMax (Invitrogen) according to the manufacturer’s instructions (22). mirVana miRNA
inhibitors, chemically modified antisense oligos against let-7b, miR-301, or Negative Control
(NC) (Ambion) were introduced into PCa using the same conditions. Transfected cells were
harvested for in vitro and in vivo studies after culturing for overnight to 48 h.

Lentiviral-mediated overexpression of let-7a
pLL3.7-let-7a and pLL3.7 control vector were kindly provided by Dr. J. Lieberman
(Harvard University). Lentiviruses were produced in 293FT packaging cells and titers
determined for GFP using HT1080 cells. PCa cells were infected with the lenti-viral
supernatant (MOI 5-10) in the presence of 8 µg/ml polybrene and harvested 48–72 h postinfection for experiments.

Tumor transplantation experiments
Basic procedures for subcutaneous (s.c) and orthotopic (DP) tumor transplantations
were described in the last chapter. Basically, LAPC9 and Du145 cells, from the maintenance
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tumors were harvested and transfected with let-7a, let-7b mimic and negative control (NC)
oligonucleotide or infected with pll3.7-let-7a and pll3.7 control lentivirus as mentioned above.
48 h later, cells were harvested and 100,000 cells each mixed with 50% Matrigel were
injected into the subcutaneous or orthotopic site of intact male NOD-SCID mice.

Clonal, and sphere-formation assays
For clonal assays, cultured PCa cells were plated at a clonal density (i.e., 100
cells/well) in a 6-well dish. The number of holoclones was counted 7-14 days later. For
sphere-formation assays, cells were plated (5,000–20,000 cells/well) in serum-free prostate
epithelial basal medium (PrEBM) supplemented with 4 µg ml-1 insulin, B27 (Invitrogen), and
20 ng ml-1 EGF and bFGF in ultra-low attachment (ULA) plate. Floating spheres that arose
in 1–2 weeks were counted. For all these experiments, a minimum of triplicate wells was run
for each condition and repeat experiments were performed when necessary and feasible.

Statistical analyses
In general, unpaired two-tailed Studentʼs t-test was used to compare differences in
cell numbers, cumulative PDs, percentages of CD44+, % BrdU+ cells, % cell-cycle phases,
cloning and sphere-formation efficiency, and tumor weights. Fisherʼs Exact Test and c2 test
were used to compare incidence and latency. In all these analyses, a P < 0.05 was
considered statistically significant.
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4.3 Results

4.3.1 Let-7 inhibited clonal and sphere formation in PCa cells
To understand how let-7 may regulate biological activities of PCa cells, we first
performed in vitro cell proliferation, clonal, and sphere formation assays. Over-expression of
let-7b by transfection of a let-7b mimic oligo into Du145 cells inhibited cell proliferation and
BrdU incorporation (Figure 4-1). Over-expression of let-7b in Du145 and PPC-1 cells also
suppressed clonal expansion, especially the formation of holoclones that contain the selfrenewing tumor initiating cells (42) (Figure 4-2 A-C). In addition, when Du145 cells were
transfected with let-7b oligos and plated for sphere formation assays, we observed much
fewer spheres formed from the let-7b treated cells (Figure 4-2D). In another PCa cell type,
PPC-1 cells, we observed similar inhibitory effect of let-7b on clonal and sphere formation
abilities (Figure 4-3).
In the above-mentioned experiments, we also included miR-34a as a positive control
since we have shown that miR-34a over-expression inhibits clonal and sphere formation in
PCa cells. Overall, let-7b over-expression demonstrated similar inhibitory effects as miR-34a
over-expression. However, we also observed a differential effect between let-7b and miR34a on cell cycle progression in PCa cells. When we treated PPC-1 cells with miR-34a or
let-7b oligos and analyzed cell-cycle profiles, we found that miR-34a mainly caused G1 cellcycle arrest whereas let-7b led to prominent G2/M phase arrest (Figure 4-4). Consistent with
this observation, over-expression of miR-34a significantly increased cell senescence
revealed by senescence associated-βgal (SA-βgal) staining. In contrast, let-7b oligos did not
induce senescence in PPC-1 cells (Figure 4-4 C&D).
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Figure 4-1

Figure 4-1. Over-expression of let-7b inhibited Du145 cell proliferation. Shown
in A is the cell number of let-7b or NC transfected Du145 cells at the indicated time point.
Presented in B is the mean % of BrdU-positive cells counted from a total of 800–1,000 cells.
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Figure 4-2

Figure 4-2. Over-expression of let-7b inhibited clonal and sphere formation
in Du145 cells. A-C. Holoclone assays in Du145 cells. The plating cell numbers and the
days when the holoclones (a representative picture shown in the inset, A) were
enumerated are indicated. D. Sphere formation assays in Du145 cells. A representative
sphere is shown in the inset. In these experiments, miR-34a was included as control.
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Figure 4-3

Figure 4-3. Biological effects of let-7b in PPC-1 cells. Shown in A is the
proliferation assay in PPC-1. The cell number was counted and plotted at the indicated time
points. B-C. Two sets of clonal assays in PPC-1 cells. The holoclone, meroclone, paraclone
and the total colony numbers were enumerated and plotted. D. Sphere formation assay in
PPC-1 cells. miR-34a were included as control.
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Figure 4-4

Figure 4-4. Differential effects of let-7b and miR-34a on cell cycle. Shown in A
and B are the cell cycle analysis (A) and quantification of percentage of cells in the G1, S or
G2 phase. C-D. Over-expression of miR-34a but not let-7b induced cell senescence. Shown
in C is the quantification of senescence-associated β-gal (SA-βgal) positive cells and in D
the representative images.
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4.3.2 Let-7 inhibited tumor formation in PCa cells
Interestingly, when we carried out tumor regeneration experiments with let-7 overexpressing PCa cells, we didn’t observe a consistent tumor inhibitory effect of let-7 as we
expected. We first carried out a positive control experiments by implanting a non-small cell
lung cancer cell line A549 transfected with let-7b or NC oligo into subcutaneous (s.c) site in
NOD/SCID mice. Similar as previous reports (97), let-7b over-expression suppressed A549
tumor growth (Figure 4-5). However, when we performed the similar tumor experiments in
Du145 or LAPC9 (Figure 4-6) cells, let-7b oligos did not show any obvious tumor-inhibitory
effects when cells were implanted either s.c or in the dorsal prostate. Intriguingly, in one
LAPC9 tumor experiment, we also included miR-34a as a positive control, and we observed
a strong inhibition of tumor development by miR-34a but not let-7b or let-7a (Figure 4-7).
We suspected that this might be the result of rapid turnover of transiently transfected
let-7 oligos. Indeed, when we examined the residual let-7 levels in the endpoint tumors,
there was no difference between NC and let-7 groups (Figure 4-8A), whereas in freshly
transfected cells there were hundreds of times more let-7b 48 hours after transfection
(Figure 4-8 B &C). Surprisingly, both miR-34a transfected PCa cells and let-7b transfected
A549 cells showed much more prominent accumulation of oligo with thousands of folds of
increases in the respective mature miRNA levels shortly after transfection (Figure 4-8C).
These observations help explain why we observed significant tumor inhibitory effect in miR34a oligo transfected PCa cells and let-7b oligo transfected A549 cells, but not in the let-7
oligo transfected PCa cells (Figure 4-5, Figure 4-6 and Figure 4-7). However, mechanisms
underlying these interesting observations await further investigation.

	
  

114	
  

Figure 4-5

Figure 4-5. Over-expression of let-7b in A549 cells significantly inhibited tumor
regeneration. Shown are the tumor images with tumor incidence, harvest time, mean tumor
weight and the P values.
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Figure 4-6

Figure 4-6. Over-expression of let-7b by oligo transfection didn’t suppress
tumor development in Du145 or LAPC9 cells. Shown are the tumor images with tumor
incidence, harvest time, mean tumor weight and the P value.
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Figure 4-7

Figure 4-7. Over-expression by oligo transfection of miR-34a, but not let-7,
inhibited the LAPC9 tumor regeneration. Shown are the tumor images with mean tumor
weight and incidence indicated on the right.
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Figure 4-8

Figure 4-8. Measurement of let-7 and miR-34a in residual endpoint tumors and
freshly transfected cells. Shown are the relative miRNA levels in residual tumors (A) or
freshly transfected Du145 (B) and LAPC9 and A549 cells (C).
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To circumvent the fast turnover of let-7, we employed a lentiviral vector encoding let7a to perform the in vivo tumor experiments. Let-7a and let-7b recognize the same seed
sequence in the targets. Over-expressing let-7a by a lentiviral vector suppressed LAPC9
tumor development in NOD/SCID mice (Figure 4-9A). Impressively, pLL3.7-let-7a also
inhibited tumor regeneration from purified CD44+ Du145 cells (Figure 4-9B).

4.3.3 Validation of downstream targets of let-7
To identify downstream targets that involved in regulating PCa development, we
chose to focus on a few critical oncogenic molecules including K-Ras, c-Myc, and Bcl-2,
which have been previously shown to be targeted by let-7 in other system, such as lung
cancer (97), breast cancer(106). Cells freshly transfected with let-7a or let-7b oligos were
collected for Western blotting and qRT-PCR to measure the protein and RNA levels of these
targets, respectively. The results revealed that let-7 reduced the mRNA and protein levels of
K-Ras and c-Myc but not Bcl-2 (Figure 4-10).
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Figure 4-9

Figure 4-9. Lentiviral mediated over-expression of let-7a significantly inhibited
LAPC9 and CD44+ Du145 tumor growth. Shown in A are the tumor growth curve, and
tumor images. Shown in B is the bar graph for average tumor weight from pLL3.7 and
pLL3.7-let7a infected CD44+ Du145 cells, with tumor image shown in the inset.
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Figure 4-10

Figure 4-10. let-7 targets K-Ras and c-Myc but not Bcl-2 in Du145 cells. Shown
in A are the mRNA levels of C-Myc, K-Ras and Bcl-2 in NC or let-7b transfected Du145 cells.
Shown in B are the Western blotting results of K-Ras, C-Myc, and Bcl-2 proteins in NC or
let-7b transfected Du145 cells. GAPDH was used as loading control. Densitometry values
relative to GAPDH are given below.
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4.3.4 Cell type dependent effects of miR-301 in PCa cells
Unlike the obvious effects we observed with the under-expressed miRNAs such as
miR-34a and let-7, manipulating the intracellular levels of miR-301, one of the overexpressed miRNAs in tumorigenic populations, manifested differential effects in different
PCa cells. In the CD44- and CD44+ Du145 cells, transfection of miR-301 mimicking or
antisense oligos, respectively, did not affect tumor growth in vivo or clonal expansion in vitro.
We over-expressed miR-301 in CD44- Du145 cells which had lower endogenous miR-301.
We plated transfected cells for clonal and sphere formation assay in vitro and tumor
development assays in NOD/SCID mice. However, enforced expression of miR-301 did not
promote sphere formation (Figure 4-11A) or clonal expansion (Figure 4-11B) in vitro, nor
tumor development in vivo (Figure 4-11C). Meanwhile, we suppressed the endogenous
miR-301 in CD44+ Du145 cells by transfecting with anti-sense oligos. Cells were again
plated for sphere and clonal assays and tumor development experiments in NOD/SCID mice.
Unfortunately, we did not observe any inhibitory effects of anti-301 on sphere formation
(Figure 4-12A), clonal expansion (Figure 4-12B), or tumor regeneration (Figure 4-12C).
Similar results were obtained when we knocked down miR-301 in PC3 cells that are 100%
CD44+ (data not shown). We then utilized another PCa xenograft model LAPC9, which is
different from Du145 in that it contains a lower percentage of CD44+ cells and it harbors a
differentiated (AR+/PSA+) cellular compartment. Interestingly, over-expression of miR-301 in
LAPC9 cells promoted the clonal and clonogenic growth (Figure 4-13). These results,
altogether, suggest that miR-301 may exert its ‘oncogenic’ effects in PCa cells in a cell typedependent manner.
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Figure 4-11

Figure 4-11. Biological effects of over-expressing miR-301 in CD44- Du145 cells.
FACS-purified CD44- Du145 cells were transfected with miR-NC or miR-301 oligos (30 nM
each) and sphere formation (A), clonal (B) experiments and in vivo tumor regeneration (C)
were performed. Shown are the average sphere numbers (A), holoclone number (B) and
tumor images with mean tumor weight and incidence indicated (C).
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Figure 4-12

Figure 4-12. Biological effects of knocking down miR-301 in CD44+ Du145 cells.
FACS-purified CD44+ Du145 cells were transfected with antisense NC or anti-miR-301
oligos (30 nM each) and sphere formation (A), clonal (B) experiments and in vivo tumor
regeneration (C) were performed. Shown are the average sphere numbers (A), holoclone
number (B) and tumor images with mean tumor weight and incidence indicated (C).
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Figure 4-13

Figure 4-13. miR-301 effects on clonal and sphere formation abilities in LAPC9
cells. A. Clonal assay in LAPC9 cells transfected with miR-NC or miR-301, or anti-miR-NC
(anti-NC) or anti-miR-301 (anti-301), and plated on the Swiss 3T3 feeder layer. Colonies
were counted. *p<0.05, ** p<0.01. Shown in A is average colony number. B. Sphere assays
in LAPC9 cells transfected with miR-NC or miR-301, or anti-miR-NC (anti-NC) or anti-miR301 (anti-301). 10,000 cells per well were plated in the 6- well ultra low attachment plate.
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4.4 Discussion
In this chapter, we utilized similar experimental strategies that we used in studying
miR-34a to explore the biological function of two other commonly and differentially
expressed miRNAs, let-7b and miR-301. Consistent with previous studies showing that let-7
is a ‘universal’ tumor suppressor miRNA in various cancers (129), and is under-expressed in
breast tumor-initiating cells (106), let-7 also exhibits tumor suppressive function in PCa cells.
In vitro functional analysis of let-7 using oligo transfection demonstrates that overexpression of let-7b significantly inhibits proliferation, and clonal and sphere formation.
Since these in vitro experiments generally take only about 1-2 weeks; transient transfection
of let-7 oligos is sufficient to manifest its effects. However, in tumor development
experiments, which usually take months, we have observed a discrepancy between oligoand lentiviral- mediated let-7 over-expression in modulating prostate tumor growth. Let-7
oligo transfection in several PCa models does not show obvious tumor-inhibitory effects
whereas the lentiviral mediated over-expression of let-7 clearly suppresses tumor
regeneration. Furthermore, under similar transfection conditions using oligos, miR-34a but
not let-7 oligos cause clear clear-cut tumor inhibition. Surprisingly, transfected let-7a and let7b oligos seem degraded faster than miR-34a oligos and faster in PCa cells compared to
A549. Our observations suggested that 1) let-7 miRNAs might exert differential effects on
lung (A549) vs. prostate (Du145 and LAPC9) cancer cells; 2) transfected let-7 oligos might
be turned over faster in PCa cells compared to lung cancer cells; 3) let-7 and miR-34a might
exert divergent regulatory roles in PCa cells; and/or 4) let-7 oligos might become degraded
or turned over faster than miR-34a oligos in PCa cells. Future experiments will be directed
to addressing these suggestions.
Another interesting observation is that let-7 and miR-34a possess mechanistic
differences in regulating PCa cell cycle: miR-34a, as previously reported to be a mediator of
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p53 effect in cell cycle progression, induces G1 cell cycle arrest followed by cell senescence
in PCa cells, whereas let-7 causes a prominent G2/M phase cell cycle arrest without
significantly inducing cell senescence. Furthermore, miR-34a, but not let-7, induces
apoptosis in some PCa cells. In addition, let-7 over-expression does not affect the levels of
pro-survival molecule Bcl-2 in Du145 cells.
In contrast to the consistent PCa-inhibitory effects of miR-34a and let-7, miR-301,
which is one of the commonly over-expressed miRNAs in prostate CSCs and recently
shown to promote breast cancer cell proliferation and invasion(163), seems to exhibit
different effects in different cell types. Although manipulation of miR-301 levels does not
affect Du145 and PC3 cells, its over-expression promotes whereas its knockdown inhibits
the clonogenic properties of LAPC9 cells. Suggesting that miR-301 may exert its influences
on PCa cells in a cell type-dependent fashion. It is also plausible to speculate that the
effects of miR-301 alone are subtle, but together with other over-expressed oncomiRs (e.g.,
miR-452), it contributes to the tumorigenic properties of PCSCs.
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Chapter 5 Potential biological functions of miR-141 in PCa cells

5.1 Introduction
In the final section of my thesis, I would like to discuss some preliminary studies
aimed at understanding miR-141 functions in prostate CSCs and prostate cancer
development, and propose several aims that I would like to pursue in the near future. As
mentioned in chapter 2, miR-141 is one of the commonly under-expressed miRNAs in CSC
populations from xenograft-purified PCa cells (Figure 2-13). Remarkably, in CD44+ HPCa
cells purified from HPCa samples, 20 of 21 samples showed drastic under-expression of
mir-141 (Figure 2-16). These observations of miR-141 under-expression in prostate CSC
populations in both xenograft and primary patient samples lead to our hypothesis that miR141 may be causally involved in regulation prostate CSC.
miR-141, together with four other miRNAs, i.e., miR-200a, miR-200b, miR-200c, and
miR-429, consist the miR-200 family. The expression pattern of miR-200 family including
miR-141 in cancer has been complex, since both up-regulation (164), and down-regulation
(116, 165, 166) have been reported. In PCa, the study of miR-141 expression levels has
also been equivocal. Several studies have reported that miR-141 is over-expressed in PCa
cells compared to normal or benign tissue (167), and the miR-141 levels are elevated in the
serum of PCa patients and correlate with tumor progression (96, 168), providing a
potentially novel biomarker for PCa patient diagnosis and prognosis. On the other hand,
others have shown that miR-141/miR-200c is expressed at reduced levels in metastatic PCa
cells such as PC3 (169). The expression of miR-141 and its biological functions in prostate
CSCs has not been reported.
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There is strong evidence that the miR-141/miR-200 miRNAs are involved in
epithelial-mesenchymal transition (EMT) and cancer metastasis (170). EMT occurs during
embryonic development, wound healing, and cancer progression. During EMT, tumor cells
lose adhesion, and change from a differentiated state resembling epithelial cells to a more
de-differentiated state like mesenchymal cells with increased motility. EMT is characterized
by cell morphological change, with repression of E-cadherin expression and activation of
vimentin expression. Cancer metastasis shares a lot of similarities with EMT. Among the
reported miR-141 targets are TGFβ2, ZEB1 (zinc-finger E-box binding homeobox 1), SIP1
(Smad Interacting Protein 1; also called ZEB2), Dlx5 (distal-less homeobox 5), MKK4
(mitogen-activated protein kinase kinase 4), and SEMA6A (116, 171-174), most of which are
well-known EMT mediators. In addition, one recent study is of great interest to us, which
shows that the miR-200 family is under-expressed in and regulates the CD44+ BCSC
properties by directly targeting a stem cell factor BMI-1 (107).
The question we aim to address in this still ongoing research is whether the underexpression of miR-141 in CSC populations observed in both prostate xenograft models and
primary PCa patient samples possesses any biological consequence. To start, we first
explored the miR-141 functions in regulating EMT by performing the migration and Boyden
Chamber invasion assays, and also carried out in vitro clonal and sphere assays.
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5.2 Materials and Method

Basic procedures were as previously described.

Transient transfection of with oligos
Du145 cells were transfected with 30 nM of miR-141 microrna mimics or nontargeting negative control miRNA (miR-NC) oligos (Ambion) using Lipofectamine RNAiMax
(Invitrogen) according to the manufacturer’s instructions. After culturing for overnight to 48 h,
transfected cells were harvested for further studies.

Invasion assay
Cell invasion assays were performed using Matrigel Invasion Chamber (8 µm pore
size, BD). Du145 cells were transfected with miR-NC and miR-141 mimic oligonucleotides. 5
X 104 cells were seeded in the upper chamber of the insert. Medium with 20% FBS in the
lower chamber served as chemoattractant. After 22hr, non-invading cells were removed by
a cotton swab. Invading cells were stained with HEMA3 stain (Fisher) and counted under a
microscope.

Clonal, and sphere-formation assays
For holoclone assays, transfected Du145 cells were plated at a clonal density (i.e.,
100 cells/well) in a 6-well dish. The number of holoclones was counted after 7-14 days, For
sphere-formation assays, cells was suspended in serum free epithelial basal medium
(PrEBM) supplement with 4µg/ml Insulin, B27 (invitrogen), 20ng/ml EGF and 20ng/ml bFGF.
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Single-cell suspension was plated (1,000 cells/well) in Ultra-Low Attachment (ULA) plate
and floating spheres that arose in 1 - 2 weeks were counted. For all these experiments, a
minimum of triplicate wells was performed for each condition.

5.3 Preliminary results
We observed that over-expressing miR-141 by oligo transfection in Du145 cells
inhibited cell invasion in Boyden Chambers (Figure 5-1). We then tried to determine whether
miR-141 would affect the stem cell related properties such as clonal expansion and sphere
formation. We took miR-141 transfected Du145 cells and plated for in vitro clonal and
sphere formation assays. Enforced expression of miR-141 indeed inhibited both clonal
expansion (Figure 5-2) as well as sphere formation (Figure 5-3) in Du145 cells, suggesting
that miR-141 may restrict the prostate CSC properties.
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Figure 5-1

Figure 5-1. Over-expression of miR-141 inhibited Du145 cell invasion in
Boyden Chamber assays. Shown is the relative invasion index of NC or miR-141
transfected Du145 cells.
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Figure 5-2

Figure 5-2. Enforced expression of miR-141 inhibited clonal expansion of
Du145 cells. Shown are the average holoclone numbers counted in NC and miR-141
transfected Du145 cells.
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Figure 5-3

Figure 5-3. Enforced expression of miR-141 inhibited sphere formation of
Du145 cells. Shown is the average sphere number in NC and miR-141 transfected Du145
cells.

	
  

134	
  

5.4 Future research plan on miR-141
To further elucidate the role of miR-141 in regulating prostate CSCs and PCa
development/metastasis, I plan to pursue the following Specific Aims:
1.

To further map miR-141 expression in PCa cells and prostate CSCs

using the “miRNA sensor” technique and in situ hybridization;
2.

To further explore the biological functions of miR-141 in PCa cells

using miRNA sensor and inducible miR-141 expression systems;
3.

To identify novel direct targets that mediate the biological functions of

miR-141 in PCa cells by whole-genome RNA sequencing.

Specific aim 1: To further map miR-141 expression in PCa cells and prostate
CSCs using the “miRNA sensor” technique and in situ hybridization;
Previous work from our lab has examined the miR-141 expression levels in purified
CD44+ and other marker-sorted CSC population in both xenograft models and primary
patient samples. The results, although providing the foundation for our hypothesis, lack the
resolution to show the precise localization of this miRNA within the heterogeneous cancer
cell populations. In this specific aim, we plan to use in situ hybridization and miRNA sensor
technique to pinpoint the miR-141 expression in cancer cells and, importantly, to visually
connect miR-141 expression and prostate CSCs.
1). In situ hybridization: To further confirm that miR-141 is under-expressed in
prostate CSC populations, we will utilize a combined fluorescence based in situ
hybridization (FISH) and immunohistochemical (IHC) assay (175) to visualize miR-141
accumulation and the protein marker expression in individual cancer cells. Basically, we will
use locked-nucleic acid modified oligonucleotide probes (Exiqon), which has been used
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successfully in visualizing miRNAs in whole-mount zebrafish, mouse embryos, as well as
formalin-fixed, paraffin-embedded (FFPE) brain, breast and colon tissue sections, to detect
the miR-141 expression in readily available FFPE PCa sections. The advantage of the
combined assay is that, on the same slide, it will allow us to do the routine IHC to detect the
protein marker. For example, we can perform the IHC staining for the stem cell makers like
CD44, CD133, MYC and BMI-1, prostate differentiation markers such as AR, and PSA as
well as some known miR-141 targets like ZEB1, to reveal the specific subcellular localization
of miR-141 in relation to these protein markers. We expect to see: 1) under-expression of
miR-141 in PCa cells compared to normal/benign prostate tissue; 2) an inverse correlation
between the staining of miR-141 and the stem cell markers such as CD44; 3) A good
correlation between miR-141 and differentiation markers. Since miR-141 has been shown to
regulate the EMT in many cancers, we expect to see weaker or lack of staining in the
invasive front of cancer.

2). miR-141 sensor: To detect the miR-141 expression in situ, we will also generate
the miR-141 sensor construct (176-178) (Figure 5-4). The miR-141 sensor contains a
constitutively expressed reporter (GFP) under a ubiquitously expressed promoter, followed
by 2 to 4 repeated sequences complementary to miR-141 (seed) sequence in the 3’-UTR
region of the GFP. The construct will then be transfected into PCa cells Du145, LAPC9, and
LAPC4. In cells that lack endogenous miR-141, the construct is stable and allows the GFP
to express so we will see green cells. In contrast, in cells that express high level of miR-141,
its perfect complementarity to the seed sequences in the 3’-UTR will result in an inhibition of
GFP expression. A drug selection construct can also be cotransfected into the cells to allow
us to eliminate the cells that did not harbor the introduced construct. With this powerful tool,
we can sort out the GFP+ cells and GFP- cells representing their endogenous miR-141
levels. Based on our earlier observations that miR-141 is lower in CSC populations, we shall
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take the GFP+ and

–

cells and perform staining of several CSC markers such as CD44,

CD133, MYC and BMI-1 as well as some differentiation markers like AR and PSA. We
expect to observe an inverse correlation between the miR-141 and CSC markers, and a
positive correlation between miR-141 and differentiation markers. The advantage of using
cells from the miRNA sensor experiment is that it represents the endogenous level of the
miRNA, and circumvents the complexity of ectopically over-expressing of a miRNA mimic.
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Figure 5-4
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Figure 5-4. Illustration of the miRNA sensor construct.
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Specific aim 2: To further explore the biological functions of miR-141 in PCa
cells using miRNA sensor and inducible miR-141 expression systems;
1). Using miRNA sensor
Cells obtained from the miRNA sensor experiments will also allow us to perform
further in vitro and in vivo assays to further characterize the biological functions of miR-141
high and low expressing cells. To determine whether cells with different miR-141 levels are
intrinsically different in their stem cell properties, we shall sort out the GFP+ (miR-141 low)
and GFP- (miR-141 high) PCa cells and perform clonal and clonogenic assays. We will also
inject miR-141 low and high cells into immuno-deficient mice to monitor their tumor
regeneration ability. Since miR-141 is deficient in CSC populations, we expect to see that
miR-141 low cells will give rise to more and bigger tumors. We will also transfect the miR141 sensor construct into an RFP labeled PCa cells (such as LAPC9-RFP), and sort out the
miR-141 low and high cells according to their GFP expression. These cells will then be
injected into the orthotopic site (dorsal prostate) of immuno-deficient mice. This will allow us
not only to compare the tumor regeneration but also metastasis. We expect to see more
metastasis from GFP+ cell-derived tumors.
2). pTRPIZ-miR-141 inducible vector
We will also use the Tet-on pTRIPZ-miR-141 over-expression vector (Figure 5-5), in
which miR-141 expression together with a RFP reporter is induced by doxycycline. We will
first apply it to xenograft cell lines such as Du145 and LAPC9. Cells bearing this vector will
be injected into NOD/SCID mice subcutaneously or orthotopically. We will let the tumor to
develop into certain size and then induce the miR-141 expression by adding doxycycline
food/water. We expect to observe decreases in tumor size or lung metastasis, compared
with tumors not induced with doxycycline.
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Figure 5-5

miR-‐141

Figure 5-5. Illustration of pTRIPZ-miR-141 inducible vector
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Specific aim 3: To identify novel direct targets that mediate the biological
functions of miR-141 in PCa cells by whole-genome RNA sequencing.
From the available miRNA target prediction databases based on computational
algorithms, there are thousands of putative targets of miR-141 involving various biological
pathways. Although it’s a powerful and useful way to identify potential targets, it’s not clear
whether the predicted targets are real targets and it cannot tell the most relevant targets
apart from the rest. To identify the authentic direct targets of miR-141 that may regulate the
stem cell properties of prostate CSCs, we will combine computational approaches with other
experimental approaches. Firstly, we shall utilize GFP+ and GFP– cells sorted from the
sensor experiments and perform RNA sequencing on these cells. By comparing the mRNA
levels between the GFP positive and negative cells, we will identify the transcripts whose
expressions are differential; especially those miRNAs whose levels are lower in the GFP
negative cells. Those candidate targets will be further processed using the Ingenuity
Pathways software to examine the interactions. Those highly connected nodes from the
interactome are of great biological importance and therefore will be our focus for the
downstream targets (179). Then we will continue to validate those targets of interests by the
reporter assays in which we will incorporate the 3’-UTR of the target mRNA into a luciferase
expression plasmid. Reduced expression of the luciferase activity by over-expression of
miR-141 will support the direct regulation of miR-141 on those targets.
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Chapter 6 Summary and future directions

6.1 Summary
In my Ph.D. thesis research, I performed the miRNA expression profiling in several
prostate CSC populations, and further unraveled the roles of three miRNAs that were on the
top of the commonly and differentially expressed miRNA list, namely, miR-34a, let-7b, and
miR-301 in regulating prostate CSCs and PCa development. This work presented the first
study in the literature on the miRNA expression patterns in not the bulk but a small and
important subpopoulation within heterogeneous cancer cells. Our work also provided novel
mechanisms of miRNAs that involve various aspects of PCa development such as tumor
progression and cancer metastasis by directly regulating CSCs. Importantly, our work
establishes strong rationales for developing novel miRNA-based therapeutic for prostate
cancer patients.
I started out by presenting our initial miRNA expression profiling in six prostate CSC
populations from three xenograft models. I characterized the distinct and common miRNA
expression patterns in these CSC populations. I also validated several miRNAs that were
commonly and differentially expressed in these CSC populations in human primary PCa
samples. Four of the six commonly and differentially expressed miRNAs from the xenograft
models showed similar expression pattern in the majority of HPCa sample-derived CD44+
cells, including under-expression of miR-34a, let-7b and miR-141, as well as overexpression of miR-301. I then went on to show the roles of three of these miRNA, miR-34a,
let-7b and miR-301 in regulating PCa development and prostate CSCs. For miR-34a, I
found that over-expression of miR-34a significantly inhibited PCa growth and metastasis to
the lung by regulating the stem cell properties and directly suppressing CD44. More
importantly, systemically delivered miR-34a suppressed the tumor growth and extended the
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survival of tumor-bearing mice due to the inhibition of metastasis. In the study of let-7, I
showed that over-expression of let-7 also manifested tumor inhibitory effects by regulating
the CSCs, although the tumor-inhibitory effect is not as potent as miR-34a. Surprisingly, for
miR-301, we observed a cell type dependent response to manipulating miR-301 levels.
These observations, taken together, suggest that different miRNAs may regulate different
aspects of tumor development and distinct CSC properties, and together, they coordinately
control the tumor progression.

6.2 Future directions
Besides the miR-141 related studies that I proposed in the previous chapter, there
are a few other unanswered questions that I would also like to pursue in the near future.
6.2.1 The mechanisms of miR-34a under-expression in the CSC populations.
As mentioned in chapter 3, we attempted to explore the miR-34a upstream
regulation and understand the mechanisms of miR-34a under-expression in prostate CSC
populations. We first tried to correlate the miR-34a expression with p53 in PCa cells. In silico
promoter analysis revealed two p53 binding sites in human miR-34a -2kb promoter region.
In support, we have showed that the basal miR-34a levels correlate well with the p53 status
in prostate and PCa cells. However, it would not explain differential miR-34a expression in
isogenic CD44+ and CD44- cells. qPCR analysis of p53 and miR-34a did not reveal any
correlations in CD44+ and CD44- HPCa cells purified from 22 patient tumors. Correlation of
miR-34a and c-Myc, another transcription factor that has been reported to suppress miR34a, in the purified CD44+ HPCa cells did not reveal any obvious relationship, either.
Other mechanisms that could explain the under-expression of miR-34a in PCa
stem/progenitor cell populations include genetic mutation or deletion, deregulation of miRNA
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machinery and epigenetic regulations, all of which merit further exploration. To test the
possibility of genetic mutation or deletion of miR-34a in PCa stem/progenitor populations,
we will need to purify the CSC-enriched populations such as CD44+ LAPC9, LAPC4 and
Du145 cells and then analyze the genomic loci where miR-34a resides. Another possibility is
the deregulation of miRNA maturation mechanism in PCa stem/progenitor cell populations.
To test that possibility, we will check the status of Dicer, DGCR8 and other molecules that
are involved in miRNA processing in the stem/progenitor populations of PCa cells to see if
there is any differential expression between tumorigenic PCa cells and non-tumorigenic cells.
Thirdly, DNA methylation as well as histone modification status will also be examined to see
whether epigenetic regulation play a role in regulating the miR-34a expression in the
different subset of PCa cells. Finally, in silico analysis of the transcription factor binding
elements in the upstream of miR-34a will help to identify novel regulators of miR-34a
expression. Understanding the upstream regulatory mechanisms of miR-34a underexpression in the CSC populations will advance our understanding of CSC regulation by
specific miRNAs.

6.2.2 The mechanism of let-7 fast turnover in PCa cells.
In my studies of let-7b in regulating PCa, I made an unexpected observation, that is,
let-7b seems degraded faster than miR-34a in PCa cells and let-7b also seems turned over
faster in PCa cells compared to other cancer cell lines such as A549. This could be a very
interesting phenomenon as it might represent yet another mechanism by which cancer cells
(in this case, PCa cells) lose the expression of tumor-suppressive MiRNA let-7. Firstly, we
shall confirm the fast turnover of let-7 by examining the let-7 levels at different time points
after transfection with oligos. Shorter time intervals within 72 hours will be included in order
to observe the dynamic accumulation of let-7 and its level decrease in PCa cells and in lung
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cancer cell line A549. Secondly, several post-transcriptional regulations of let-7 have been
proposed in the literature including lin-28 that blocks the maturation of precursor-let-7 to the
single stranded mature let-7 miRNA. To determine whether this post-transcriptional
regulation might be involved in the fast turnover of let-7 in PCa cells, we could compare the
lin-28 levels between PCa cells and lung cancer cells
Another possible explanation for the fast turnover of let-7 miRNA might be different
target pool between miR-34a and let-7 in PCa cells, as well as between PCa versus lung
cancer cells. The “competing endogenous RNA” (ceRNA) hypothesis suggests that mRNA
transcripts might regulate miRNA levels. In other words, the abundance mRNA transcripts in
the cells could affect the levels of miRNA that bind to these mRNAs. We suspect that in PCa
cells, there might be more over-expressed targets that could take up let-7 miRNA than those
for miR-34a, and there might be more over-expressed targets for let-7 in PCa cells than in
lung cancer cell lines. To test these possibilities, we could compare the available mRNA
targets for let-7 and miR-34a in PCa, and between PCa and lung cancer cell lines from
public available microarray data to see whether the abundance of over-expressed target
transcripts correlates with depletion of miRNA. If possible, we could also compare the whole
transcriptome generated by deep sequencing in let-7 or miR-34a over-expressing PCa cells,
as well as between let-7 over-expressing PCa cells and lung cancer cell lines. It will be of
general interest to unveil the molecular mechanisms responsible for differential turnover
between different miRNAs and between different cancer cell types.

	
  

145	
  

References:
1.

Clarke, M. F., J. E. Dick, P. B. Dirks, C. J. Eaves, C. H. Jamieson, D. L. Jones, J.
Visvader, I. L. Weissman, and G. M. Wahl. 2006. Cancer stem cells--perspectives on
current status and future directions: AACR Workshop on cancer stem cells. Cancer
Res 66:9339-9344.

2.

Tang, D. G., L. Patrawala, T. Calhoun, B. Bhatia, G. Choy, R. Schneider-Broussard,
and

C.

Jeter.

2007.

Prostate

cancer

stem/progenitor

cells:

identification,

characterization, and implications. Mol Carcinog 46:1-14.
3.

Visvader, J. E., and G. J. Lindeman. 2008. Cancer stem cells in solid tumours:
accumulating evidence and unresolved questions. Nat Rev Cancer 8:755-768.

4.

Rosen, J. M., and C. T. Jordan. 2009. The increasing complexity of the cancer stem
cell paradigm. Science 324:1670-1673.

5.

Nguyen, L. V., R. Vanner, P. Dirks, and C. J. Eaves. 2012. Cancer stem cells: an
evolving concept. Nat Rev Cancer 12:133-143.

6.

Bonnet, D., and J. E. Dick. 1997. Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med 3:730-737.

7.

Singh, S. K., C. Hawkins, I. D. Clarke, J. A. Squire, J. Bayani, T. Hide, R. M.
Henkelman, M. D. Cusimano, and P. B. Dirks. 2004. Identification of human brain
tumour initiating cells. Nature 432:396-401.

8.

Schatton, T., G. F. Murphy, N. Y. Frank, K. Yamaura, A. M. Waaga-Gasser, M.
Gasser, Q. Zhan, S. Jordan, L. M. Duncan, C. Weishaupt, R. C. Fuhlbrigge, T. S.
Kupper, M. H. Sayegh, and M. H. Frank. 2008. Identification of cells initiating human
melanomas. Nature 451:345-349.

	
  

146	
  

9.

Al-Hajj, M., M. S. Wicha, A. Benito-Hernandez, S. J. Morrison, and M. F. Clarke.
2003. Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 100:3983-3988.

10.

O'Brien, C. A., A. Pollett, S. Gallinger, and J. E. Dick. 2007. A human colon cancer
cell capable of initiating tumour growth in immunodeficient mice. Nature 445:106-110.

11.

Dalerba, P., S. J. Dylla, I. K. Park, R. Liu, X. Wang, R. W. Cho, T. Hoey, A. Gurney,
E. H. Huang, D. M. Simeone, A. A. Shelton, G. Parmiani, C. Castelli, and M. F.
Clarke. 2007. Phenotypic characterization of human colorectal cancer stem cells.
Proc Natl Acad Sci U S A 104:10158-10163.

12.

Li, C., D. G. Heidt, P. Dalerba, C. F. Burant, L. Zhang, V. Adsay, M. Wicha, M. F.
Clarke, and D. M. Simeone. 2007. Identification of pancreatic cancer stem cells.
Cancer Res 67:1030-1037.

13.

Hermann, P. C., S. L. Huber, T. Herrler, A. Aicher, J. W. Ellwart, M. Guba, C. J.
Bruns, and C. Heeschen. 2007. Distinct populations of cancer stem cells determine
tumor growth and metastatic activity in human pancreatic cancer. Cell Stem Cell
1:313-323.

14.

Prince, M. E., R. Sivanandan, A. Kaczorowski, G. T. Wolf, M. J. Kaplan, P. Dalerba, I.
L. Weissman, M. F. Clarke, and L. E. Ailles. 2007. Identification of a subpopulation of
cells with cancer stem cell properties in head and neck squamous cell carcinoma.
Proc Natl Acad Sci U S A 104:973-978.

15.

Collins, A. T., P. A. Berry, C. Hyde, M. J. Stower, and N. J. Maitland. 2005.
Prospective identification of tumorigenic prostate cancer stem cells. Cancer Res
65:10946-10951.

16.

Patrawala, L., T. Calhoun, R. Schneider-Broussard, H. Li, B. Bhatia, S. Tang, J. G.
Reilly, D. Chandra, J. Zhou, K. Claypool, L. Coghlan, and D. G. Tang. 2006. Highly

	
  

147	
  

purified CD44+ prostate cancer cells from xenograft human tumors are enriched in
tumorigenic and metastatic progenitor cells. Oncogene 25:1696-1708.
17.

Yin, A. H., S. Miraglia, E. D. Zanjani, G. Almeida-Porada, M. Ogawa, A. G. Leary, J.
Olweus, J. Kearney, and D. W. Buck. 1997. AC133, a novel marker for human
hematopoietic stem and progenitor cells. Blood 90:5002-5012.

18.

Goodell, M. A., K. Brose, G. Paradis, A. S. Conner, and R. C. Mulligan. 1996.
Isolation and functional properties of murine hematopoietic stem cells that are
replicating in vivo. J Exp Med 183:1797-1806.

19.

Patrawala, L., T. Calhoun, R. Schneider-Broussard, J. Zhou, K. Claypool, and D. G.
Tang. 2005. Side population is enriched in tumorigenic, stem-like cancer cells,
whereas ABCG2+ and ABCG2- cancer cells are similarly tumorigenic. Cancer Res
65:6207-6219.

20.

Cotsarelis, G., T. T. Sun, and R. M. Lavker. 1990. Label-retaining cells reside in the
bulge area of pilosebaceous unit: implications for follicular stem cells, hair cycle, and
skin carcinogenesis. Cell 61:1329-1337.

21.

Tsujimura, A., Y. Koikawa, S. Salm, T. Takao, S. Coetzee, D. Moscatelli, E. Shapiro,
H. Lepor, T. T. Sun, and E. L. Wilson. 2002. Proximal location of mouse prostate
epithelial stem cells: a model of prostatic homeostasis. The Journal of cell biology
157:1257-1265.

22.

Hwang-Verslues, W. W., W. H. Kuo, P. H. Chang, C. C. Pan, H. H. Wang, S. T. Tsai,
Y. M. Jeng, J. Y. Shew, J. T. Kung, C. H. Chen, E. Y. Lee, K. J. Chang, and W. H.
Lee. 2009. Multiple lineages of human breast cancer stem/progenitor cells identified
by profiling with stem cell markers. PloS one 4:e8377.

23.

Pece, S., D. Tosoni, S. Confalonieri, G. Mazzarol, M. Vecchi, S. Ronzoni, L. Bernard,
G. Viale, P. G. Pelicci, and P. P. Di Fiore. 2010. Biological and molecular

	
  

148	
  

heterogeneity of breast cancers correlates with their cancer stem cell content. Cell
140:62-73.
24.

Park, S. Y., H. E. Lee, H. Li, M. Shipitsin, R. Gelman, and K. Polyak. 2010.
Heterogeneity for stem cell-related markers according to tumor subtype and
histologic stage in breast cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research 16:876-887.

25.

Hirschmann-Jax, C., A. E. Foster, G. G. Wulf, J. G. Nuchtern, T. W. Jax, U. Gobel, M.
A. Goodell, and M. K. Brenner. 2004. A distinct "side population" of cells with high
drug efflux capacity in human tumor cells. Proc Natl Acad Sci U S A 101:1422814233.

26.

Engelmann, K., H. Shen, and O. J. Finn. 2008. MCF7 side population cells with
characteristics of cancer stem/progenitor cells express the tumor antigen MUC1.
Cancer Res 68:2419-2426.

27.

Ginestier, C., M. H. Hur, E. Charafe-Jauffret, F. Monville, J. Dutcher, M. Brown, J.
Jacquemier, P. Viens, C. G. Kleer, S. Liu, A. Schott, D. Hayes, D. Birnbaum, M. S.
Wicha, and G. Dontu. 2007. ALDH1 is a marker of normal and malignant human
mammary stem cells and a predictor of poor clinical outcome. Cell Stem Cell 1:555567.

28.

Charafe-Jauffret, E., C. Ginestier, F. Iovino, J. Wicinski, N. Cervera, P. Finetti, M. H.
Hur, M. E. Diebel, F. Monville, J. Dutcher, M. Brown, P. Viens, L. Xerri, F. Bertucci, G.
Stassi, G. Dontu, D. Birnbaum, and M. S. Wicha. 2009. Breast cancer cell lines
contain functional cancer stem cells with metastatic capacity and a distinct molecular
signature. Cancer Res 69:1302-1313.

29.

Tang, D. G. 2012. Understanding cancer stem cell heterogeneity and plasticity. Cell
Research.

	
  

149	
  

30.

Signoretti, S., and M. Loda. 2007. Prostate stem cells: from development to cancer.
Seminars in cancer biology 17:219-224.

31.

Lawson, D. A., and O. N. Witte. 2007. Stem cells in prostate cancer initiation and
progression. The Journal of clinical investigation 117:2044-2050.

32.

Leong, K. G., B. E. Wang, L. Johnson, and W. Q. Gao. 2008. Generation of a
prostate from a single adult stem cell. Nature 456:804-808.

33.

Wang, X., M. Kruithof-de Julio, K. D. Economides, D. Walker, H. Yu, M. V. Halili, Y. P.
Hu, S. M. Price, C. Abate-Shen, and M. M. Shen. 2009. A luminal epithelial stem cell
that is a cell of origin for prostate cancer. Nature 461:495-500.

34.

Collins, A. T., F. K. Habib, N. J. Maitland, and D. E. Neal. 2001. Identification and
isolation of human prostate epithelial stem cells based on alpha(2)beta(1)-integrin
expression. Journal of cell science 114:3865-3872.

35.

Richardson, G. D., C. N. Robson, S. H. Lang, D. E. Neal, N. J. Maitland, and A. T.
Collins. 2004. CD133, a novel marker for human prostatic epithelial stem cells.
Journal of cell science 117:3539-3545.

36.

Bhatia, B., S. Tang, P. Yang, A. Doll, G. Aumueller, R. A. Newman, and D. G. Tang.
2005. Cell-autonomous induction of functional tumor suppressor 15-lipoxygenase 2
(15-LOX2) contributes to replicative senescence of human prostate progenitor cells.
Oncogene 24:3583-3595.

37.

Bhatia, B., M. Jiang, M. Suraneni, L. Patrawala, M. Badeaux, R. SchneiderBroussard, A. S. Multani, C. R. Jeter, T. Calhoun-Davis, L. Hu, J. Hu, S. Tsavachidis,
W. Zhang, S. Chang, S. W. Hayward, and D. G. Tang. 2008. Critical and distinct
roles of p16 and telomerase in regulating the proliferative life span of normal human
prostate epithelial progenitor cells. J Biol Chem 283:27957-27972.

38.

Laffin, B., and D. G. Tang. 2010. An old player on a new playground: bmi-1 as a
regulator of prostate stem cells. Cell Stem Cell 7:639-640.

	
  

150	
  

39.

Huss, W. J., D. R. Gray, N. M. Greenberg, J. L. Mohler, and G. J. Smith. 2005.
Breast cancer resistance protein-mediated efflux of androgen in putative benign and
malignant prostate stem cells. Cancer Res 65:6640-6650.

40.

Vander Griend, D. J., W. L. Karthaus, S. Dalrymple, A. Meeker, A. M. DeMarzo, and
J. T. Isaacs. 2008. The role of CD133 in normal human prostate stem cells and
malignant cancer-initiating cells. Cancer Res 68:9703-9711.

41.

Patrawala, L., T. Calhoun-Davis, R. Schneider-Broussard, and D. G. Tang. 2007.
Hierarchical organization of prostate cancer cells in xenograft tumors: the
CD44+alpha2beta1+ cell population is enriched in tumor-initiating cells. Cancer Res
67:6796-6805.

42.

Li, H., X. Chen, T. Calhoun-Davis, K. Claypool, and D. G. Tang. 2008. PC3 human
prostate carcinoma cell holoclones contain self-renewing tumor-initiating cells.
Cancer Res 68:1820-1825.

43.

Li, H., M. Jiang, S. Honorio, L. Patrawala, C. R. Jeter, T. Calhoun-Davis, S. W.
Hayward, and D. G. Tang. 2009. Methodologies in assaying prostate cancer stem
cells. Methods Mol Biol 568:85-138.

44.

Wei, C., W. Guomin, L. Yujun, and Q. Ruizhe. 2007. Cancer stem-like cells in human
prostate carcinoma cells DU145: the seeds of the cell line? Cancer biology & therapy
6:763-768.

45.

Dubrovska, A., S. Kim, R. J. Salamone, J. R. Walker, S. M. Maira, C. GarciaEcheverria, P. G. Schultz, and V. A. Reddy. 2009. The role of PTEN/Akt/PI3K
signaling in the maintenance and viability of prostate cancer stem-like cell
populations. Proc Natl Acad Sci U S A 106:268-273.

46.

Bhatt, R. I., M. D. Brown, C. A. Hart, P. Gilmore, V. A. Ramani, N. J. George, and N.
W. Clarke. 2003. Novel method for the isolation and characterisation of the putative

	
  

151	
  

prostatic stem cell. Cytometry. Part A : the journal of the International Society for
Analytical Cytology 54:89-99.
47.

Bartel, D. P. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116:281-297.

48.

Bartel, D. P. 2009. MicroRNAs: target recognition and regulatory functions. Cell
136:215-233.

49.

Tay, Y., J. Zhang, A. M. Thomson, B. Lim, and I. Rigoutsos. 2008. MicroRNAs to
Nanog, Oct4 and Sox2 coding regions modulate embryonic stem cell differentiation.
Nature 455:1124-1128.

50.

Vasudevan, S., Y. Tong, and J. A. Steitz. 2007. Switching from repression to
activation: microRNAs can up-regulate translation. Science 318:1931-1934.

51.

Eiring, A. M., J. G. Harb, P. Neviani, C. Garton, J. J. Oaks, R. Spizzo, S. Liu, S.
Schwind, R. Santhanam, C. J. Hickey, H. Becker, J. C. Chandler, R. Andino, J.
Cortes, P. Hokland, C. S. Huettner, R. Bhatia, D. C. Roy, S. A. Liebhaber, M. A.
Caligiuri, G. Marcucci, R. Garzon, C. M. Croce, G. A. Calin, and D. Perrotti. 2010.
miR-328 functions as an RNA decoy to modulate hnRNP E2 regulation of mRNA
translation in leukemic blasts. Cell 140:652-665.

52.

Salmena, L., L. Poliseno, Y. Tay, L. Kats, and P. P. Pandolfi. 2011. A ceRNA
hypothesis: the Rosetta Stone of a hidden RNA language? Cell 146:353-358.

53.

Poliseno, L., L. Salmena, J. Zhang, B. Carver, W. J. Haveman, and P. P. Pandolfi.
2010. A coding-independent function of gene and pseudogene mRNAs regulates
tumour biology. Nature 465:1033-1038.

54.

He, L., and G. J. Hannon. 2004. MicroRNAs: small RNAs with a big role in gene
regulation. Nat Rev Genet 5:522-531.

	
  

152	
  

55.

Lee, R. C., R. L. Feinbaum, and V. Ambros. 1993. The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell
75:843-854.

56.

Wightman, B., I. Ha, and G. Ruvkun. 1993. Posttranscriptional regulation of the
heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans.
Cell 75:855-862.

57.

Reinhart, B. J., F. J. Slack, M. Basson, A. E. Pasquinelli, J. C. Bettinger, A. E.
Rougvie, H. R. Horvitz, and G. Ruvkun. 2000. The 21-nucleotide let-7 RNA regulates
developmental timing in Caenorhabditis elegans. Nature 403:901-906.

58.

Slack, F. J., M. Basson, Z. Liu, V. Ambros, H. R. Horvitz, and G. Ruvkun. 2000. The
lin-41 RBCC gene acts in the C. elegans heterochronic pathway between the let-7
regulatory RNA and the LIN-29 transcription factor. Mol Cell 5:659-669.

59.

Alvarez-Garcia, I., and E. A. Miska. 2005. MicroRNA functions in animal
development and human disease. Development 132:4653-4662.

60.

Brennecke, J., D. R. Hipfner, A. Stark, R. B. Russell, and S. M. Cohen. 2003. bantam
encodes a developmentally regulated microRNA that controls cell proliferation and
regulates the proapoptotic gene hid in Drosophila. Cell 113:25-36.

61.

Chang, S., R. J. Johnston, Jr., C. Frokjaer-Jensen, S. Lockery, and O. Hobert. 2004.
MicroRNAs act sequentially and asymmetrically to control chemosensory laterality in
the nematode. Nature 430:785-789.

62.

Kwon, C., Z. Han, E. N. Olson, and D. Srivastava. 2005. MicroRNA1 influences
cardiac differentiation in Drosophila and regulates Notch signaling. Proc Natl Acad
Sci U S A 102:18986-18991.

63.

Zhao, Y., E. Samal, and D. Srivastava. 2005. Serum response factor regulates a
muscle-specific microRNA that targets Hand2 during cardiogenesis. Nature 436:214220.

	
  

153	
  

64.

Chen, J. F., E. M. Mandel, J. M. Thomson, Q. Wu, T. E. Callis, S. M. Hammond, F. L.
Conlon, and D. Z. Wang. 2006. The role of microRNA-1 and microRNA-133 in
skeletal muscle proliferation and differentiation. Nature genetics 38:228-233.

65.

Krichevsky, A. M., K. S. King, C. P. Donahue, K. Khrapko, and K. S. Kosik. 2003. A
microRNA

array

reveals

extensive

regulation

of

microRNAs

during

brain

development. RNA 9:1274-1281.
66.

Miska, E. A., E. Alvarez-Saavedra, M. Townsend, A. Yoshii, N. Sestan, P. Rakic, M.
Constantine-Paton, and H. R. Horvitz. 2004. Microarray analysis of microRNA
expression in the developing mammalian brain. Genome biology 5:R68.

67.

Giraldez, A. J., R. M. Cinalli, M. E. Glasner, A. J. Enright, J. M. Thomson, S.
Baskerville, S. M. Hammond, D. P. Bartel, and A. F. Schier. 2005. MicroRNAs
regulate brain morphogenesis in zebrafish. Science 308:833-838.

68.

Houbaviy, H. B., M. F. Murray, and P. A. Sharp. 2003. Embryonic stem cell-specific
MicroRNAs. Developmental cell 5:351-358.

69.

Chen, C. Z., and H. F. Lodish. 2005. MicroRNAs as regulators of mammalian
hematopoiesis. Seminars in immunology 17:155-165.

70.

Cheng, L. C., M. Tavazoie, and F. Doetsch. 2005. Stem cells: from epigenetics to
microRNAs. Neuron 46:363-367.

71.

Hatfield, S. D., H. R. Shcherbata, K. A. Fischer, K. Nakahara, R. W. Carthew, and H.
Ruohola-Baker. 2005. Stem cell division is regulated by the microRNA pathway.
Nature 435:974-978.

72.

Yang, W. J., D. D. Yang, S. Na, G. E. Sandusky, Q. Zhang, and G. Zhao. 2005.
Dicer is required for embryonic angiogenesis during mouse development. J Biol
Chem 280:9330-9335.

	
  

154	
  

73.

Tang, F., P. Hajkova, S. C. Barton, K. Lao, and M. A. Surani. 2006. MicroRNA
expression profiling of single whole embryonic stem cells. Nucleic acids research
34:e9.

74.

Georgantas, R. W., 3rd, R. Hildreth, S. Morisot, J. Alder, C. G. Liu, S. Heimfeld, G. A.
Calin, C. M. Croce, and C. I. Civin. 2007. CD34+ hematopoietic stem-progenitor cell
microRNA expression and function: a circuit diagram of differentiation control. Proc
Natl Acad Sci U S A 104:2750-2755.

75.

Stadler, B. M., and H. Ruohola-Baker. 2008. Small RNAs: keeping stem cells in line.
Cell 132:563-566.

76.

Ruvkun, G. 2008. The perfect storm of tiny RNAs. Nat Med 14:1041-1045.

77.

Hammond, S. M., and N. E. Sharpless. 2008. HMGA2, microRNAs, and stem cell
aging. Cell 135:1013-1016.

78.

Calin, G. A., C. D. Dumitru, M. Shimizu, R. Bichi, S. Zupo, E. Noch, H. Aldler, S.
Rattan, M. Keating, K. Rai, L. Rassenti, T. Kipps, M. Negrini, F. Bullrich, and C. M.
Croce. 2002. Frequent deletions and down-regulation of micro- RNA genes miR15
and miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A
99:15524-15529.

79.

Calin, G. A., and C. M. Croce. 2006. MicroRNA signatures in human cancers. Nat
Rev Cancer 6:857-866.

80.

Lu, J., G. Getz, E. A. Miska, E. Alvarez-Saavedra, J. Lamb, D. Peck, A. SweetCordero, B. L. Ebert, R. H. Mak, A. A. Ferrando, J. R. Downing, T. Jacks, H. R.
Horvitz, and T. R. Golub. 2005. MicroRNA expression profiles classify human
cancers. Nature 435:834-838.

81.

Calin, G. A., C. Sevignani, C. D. Dumitru, T. Hyslop, E. Noch, S. Yendamuri, M.
Shimizu, S. Rattan, F. Bullrich, M. Negrini, and C. M. Croce. 2004. Human microRNA

	
  

155	
  

genes are frequently located at fragile sites and genomic regions involved in cancers.
Proc Natl Acad Sci U S A 101:2999-3004.
82.

Esteller, M. 2008. Epigenetics in cancer. N Engl J Med 358:1148-1159.

83.

He, L., X. He, L. P. Lim, E. de Stanchina, Z. Xuan, Y. Liang, W. Xue, L. Zender, J.
Magnus, D. Ridzon, A. L. Jackson, P. S. Linsley, C. Chen, S. W. Lowe, M. A. Cleary,
and G. J. Hannon. 2007. A microRNA component of the p53 tumour suppressor
network. Nature 447:1130-1134.

84.

Chang, T. C., D. Yu, Y. S. Lee, E. A. Wentzel, D. E. Arking, K. M. West, C. V. Dang,
A. Thomas-Tikhonenko, and J. T. Mendell. 2008. Widespread microRNA repression
by Myc contributes to tumorigenesis. Nature genetics 40:43-50.

85.

Chang, T. C., L. R. Zeitels, H. W. Hwang, R. R. Chivukula, E. A. Wentzel, M. Dews, J.
Jung, P. Gao, C. V. Dang, M. A. Beer, A. Thomas-Tikhonenko, and J. T. Mendell.
2009. Lin-28B transactivation is necessary for Myc-mediated let-7 repression and
proliferation. Proc Natl Acad Sci U S A 106:3384-3389.

86.

Si, M. L., S. Zhu, H. Wu, Z. Lu, F. Wu, and Y. Y. Mo. 2007. miR-21-mediated tumor
growth. Oncogene 26:2799-2803.

87.

Chan, J. A., A. M. Krichevsky, and K. S. Kosik. 2005. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer Res 65:6029-6033.

88.

Medina, P. P., M. Nolde, and F. J. Slack. 2010. OncomiR addiction in an in vivo
model of microRNA-21-induced pre-B-cell lymphoma. Nature 467:86-90.

89.

He, L., J. M. Thomson, M. T. Hemann, E. Hernando-Monge, D. Mu, S. Goodson, S.
Powers, C. Cordon-Cardo, S. W. Lowe, G. J. Hannon, and S. M. Hammond. 2005. A
microRNA polycistron as a potential human oncogene. Nature 435:828-833.

90.

Mendell, J. T. 2008. miRiad roles for the miR-17-92 cluster in development and
disease. Cell 133:217-222.

	
  

156	
  

91.

Lee, Y. S., and A. Dutta. 2007. The tumor suppressor microRNA let-7 represses the
HMGA2 oncogene. Genes & development 21:1025-1030.

92.

Sampson, V. B., N. H. Rong, J. Han, Q. Yang, V. Aris, P. Soteropoulos, N. J. Petrelli,
S. P. Dunn, and L. J. Krueger. 2007. MicroRNA let-7a down-regulates MYC and
reverts MYC-induced growth in Burkitt lymphoma cells. Cancer Res 67:9762-9770.

93.

Johnson, C. D., A. Esquela-Kerscher, G. Stefani, M. Byrom, K. Kelnar, D.
Ovcharenko, M. Wilson, X. Wang, J. Shelton, J. Shingara, L. Chin, D. Brown, and F.
J. Slack. 2007. The let-7 microRNA represses cell proliferation pathways in human
cells. Cancer Res 67:7713-7722.

94.

Kasinski, A. L., and F. J. Slack. 2011. Epigenetics and genetics. MicroRNAs en route
to the clinic: progress in validating and targeting microRNAs for cancer therapy. Nat
Rev Cancer 11:849-864.

95.

Chen, X., Y. Ba, L. Ma, X. Cai, Y. Yin, K. Wang, J. Guo, Y. Zhang, J. Chen, X. Guo,
Q. Li, X. Li, W. Wang, Y. Zhang, J. Wang, X. Jiang, Y. Xiang, C. Xu, P. Zheng, J.
Zhang, R. Li, H. Zhang, X. Shang, T. Gong, G. Ning, J. Wang, K. Zen, J. Zhang, and
C. Y. Zhang. 2008. Characterization of microRNAs in serum: a novel class of
biomarkers for diagnosis of cancer and other diseases. Cell Res 18:997-1006.

96.

Mitchell, P. S., R. K. Parkin, E. M. Kroh, B. R. Fritz, S. K. Wyman, E. L. PogosovaAgadjanyan, A. Peterson, J. Noteboom, K. C. O'Briant, A. Allen, D. W. Lin, N. Urban,
C. W. Drescher, B. S. Knudsen, D. L. Stirewalt, R. Gentleman, R. L. Vessella, P. S.
Nelson, D. B. Martin, and M. Tewari. 2008. Circulating microRNAs as stable bloodbased markers for cancer detection. Proc Natl Acad Sci U S A 105:10513-10518.

97.

Esquela-Kerscher, A., P. Trang, J. F. Wiggins, L. Patrawala, A. Cheng, L. Ford, J. B.
Weidhaas, D. Brown, A. G. Bader, and F. J. Slack. 2008. The let-7 microRNA
reduces tumor growth in mouse models of lung cancer. Cell Cycle 7:759-764.

	
  

157	
  

98.

Ma, L., F. Reinhardt, E. Pan, J. Soutschek, B. Bhat, E. G. Marcusson, J. TeruyaFeldstein, G. W. Bell, and R. A. Weinberg. 2010. Therapeutic silencing of miR-10b
inhibits metastasis in a mouse mammary tumor model. Nature biotechnology 28:341347.

99.

Olsen, P. H., and V. Ambros. 1999. The lin-4 regulatory RNA controls developmental
timing in Caenorhabditis elegans by blocking LIN-14 protein synthesis after the
initiation of translation. Developmental biology 216:671-680.

100.

Bernstein, E., S. Y. Kim, M. A. Carmell, E. P. Murchison, H. Alcorn, M. Z. Li, A. A.
Mills, S. J. Elledge, K. V. Anderson, and G. J. Hannon. 2003. Dicer is essential for
mouse development. Nature genetics 35:215-217.

101.

Kanellopoulou, C., S. A. Muljo, A. L. Kung, S. Ganesan, R. Drapkin, T. Jenuwein, D.
M. Livingston, and K. Rajewsky. 2005. Dicer-deficient mouse embryonic stem cells
are defective in differentiation and centromeric silencing. Genes & development
19:489-501.

102.

Wang, Y., R. Medvid, C. Melton, R. Jaenisch, and R. Blelloch. 2007. DGCR8 is
essential for microRNA biogenesis and silencing of embryonic stem cell self-renewal.
Nature genetics 39:380-385.

103.

Suh, M. R., Y. Lee, J. Y. Kim, S. K. Kim, S. H. Moon, J. Y. Lee, K. Y. Cha, H. M.
Chung, H. S. Yoon, S. Y. Moon, V. N. Kim, and K. S. Kim. 2004. Human embryonic
stem cells express a unique set of microRNAs. Developmental biology 270:488-498.

104.

Calabrese, J. M., A. C. Seila, G. W. Yeo, and P. A. Sharp. 2007. RNA sequence
analysis defines Dicer's role in mouse embryonic stem cells. Proc Natl Acad Sci U S
A 104:18097-18102.

105.

Marson, A., S. S. Levine, M. F. Cole, G. M. Frampton, T. Brambrink, S. Johnstone, M.
G. Guenther, W. K. Johnston, M. Wernig, J. Newman, J. M. Calabrese, L. M. Dennis,
T. L. Volkert, S. Gupta, J. Love, N. Hannett, P. A. Sharp, D. P. Bartel, R. Jaenisch,

	
  

158	
  

and R. A. Young. 2008. Connecting microRNA genes to the core transcriptional
regulatory circuitry of embryonic stem cells. Cell 134:521-533.
106.

Yu, F., H. Yao, P. Zhu, X. Zhang, Q. Pan, C. Gong, Y. Huang, X. Hu, F. Su, J.
Lieberman, and E. Song. 2007. let-7 regulates self renewal and tumorigenicity of
breast cancer cells. Cell 131:1109-1123.

107.

Shimono, Y., M. Zabala, R. W. Cho, N. Lobo, P. Dalerba, D. Qian, M. Diehn, H. Liu,
S. P. Panula, E. Chiao, F. M. Dirbas, G. Somlo, R. A. Pera, K. Lao, and M. F. Clarke.
2009. Downregulation of miRNA-200c links breast cancer stem cells with normal
stem cells. Cell 138:592-603.

108.

Gal, H., G. Pandi, A. A. Kanner, Z. Ram, G. Lithwick-Yanai, N. Amariglio, G. Rechavi,
and D. Givol. 2008. MIR-451 and Imatinib mesylate inhibit tumor growth of
Glioblastoma stem cells. Biochem Biophys Res Commun 376:86-90.

109.

Godlewski, J., M. O. Nowicki, A. Bronisz, S. Williams, A. Otsuki, G. Nuovo, A.
Raychaudhury, H. B. Newton, E. A. Chiocca, and S. Lawler. 2008. Targeting of the
Bmi-1 oncogene/stem cell renewal factor by microRNA-128 inhibits glioma
proliferation and self-renewal. Cancer Res 68:9125-9130.

110.

Garzia, L., I. Andolfo, E. Cusanelli, N. Marino, G. Petrosino, D. De Martino, V.
Esposito, A. Galeone, L. Navas, S. Esposito, S. Gargiulo, S. Fattet, V. Donofrio, G.
Cinalli, A. Brunetti, L. D. Vecchio, P. A. Northcott, O. Delattre, M. D. Taylor, A.
Iolascon, and M. Zollo. 2009. MicroRNA-199b-5p impairs cancer stem cells through
negative regulation of HES1 in medulloblastoma. PloS one 4:e4998.

111.

Ji, J., T. Yamashita, A. Budhu, M. Forgues, H. L. Jia, C. Li, C. Deng, E. Wauthier, L.
M. Reid, Q. H. Ye, L. X. Qin, W. Yang, H. Y. Wang, Z. Y. Tang, C. M. Croce, and X.
W. Wang. 2009. Identification of microRNA-181 by genome-wide screening as a
critical player in EpCAM-positive hepatic cancer stem cells. Hepatology 50:472-480.

	
  

159	
  

112.

Yu, F., H. Deng, H. Yao, Q. Liu, F. Su, and E. Song. 2010. Mir-30 reduction
maintains self-renewal and inhibits apoptosis in breast tumor-initiating cells.
Oncogene 29:4194-4204.

113.

Ji, Q., X. Hao, Y. Meng, M. Zhang, J. Desano, D. Fan, and L. Xu. 2008. Restoration
of tumor suppressor miR-34 inhibits human p53-mutant gastric cancer tumorspheres.
BMC cancer 8:266.

114.

Ji, Q., X. Hao, M. Zhang, W. Tang, M. Yang, L. Li, D. Xiang, J. T. Desano, G. T.
Bommer, D. Fan, E. R. Fearon, T. S. Lawrence, and L. Xu. 2009. MicroRNA miR-34
inhibits human pancreatic cancer tumor-initiating cells. PloS one 4:e6816.

115.

Liu, C., and D. G. Tang. 2011. MicroRNA Regulation of Cancer Stem Cells. Cancer
Res 71:5950-5954.

116.

Gregory, P. A., A. G. Bert, E. L. Paterson, S. C. Barry, A. Tsykin, G. Farshid, M. A.
Vadas, Y. Khew-Goodall, and G. J. Goodall. 2008. The miR-200 family and miR-205
regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell
Biol 10:593-601.

117.

Park, S. M., A. B. Gaur, E. Lengyel, and M. E. Peter. 2008. The miR-200 family
determines the epithelial phenotype of cancer cells by targeting the E-cadherin
repressors ZEB1 and ZEB2. Genes & development 22:894-907.

118.

Wu, W., M. Sun, G. M. Zou, and J. Chen. 2007. MicroRNA and cancer: Current
status and prospective. Int J Cancer 120:953-960.

119.

Ozen, M., C. J. Creighton, M. Ozdemir, and M. Ittmann. 2008. Widespread
deregulation of microRNA expression in human prostate cancer. Oncogene 27:17881793.

120.

Porkka, K. P., M. J. Pfeiffer, K. K. Waltering, R. L. Vessella, T. L. Tammela, and T.
Visakorpi. 2007. MicroRNA expression profiling in prostate cancer. Cancer Res
67:6130-6135.

	
  

160	
  

121.

Ambs, S., R. L. Prueitt, M. Yi, R. S. Hudson, T. M. Howe, F. Petrocca, T. A. Wallace,
C. G. Liu, S. Volinia, G. A. Calin, H. G. Yfantis, R. M. Stephens, and C. M. Croce.
2008. Genomic profiling of microRNA and messenger RNA reveals deregulated
microRNA expression in prostate cancer. Cancer Res 68:6162-6170.

122.

Tong, A. W., P. Fulgham, C. Jay, P. Chen, I. Khalil, S. Liu, N. Senzer, A. C. Eklund, J.
Han, and J. Nemunaitis. 2009. MicroRNA profile analysis of human prostate cancers.
Cancer Gene Ther 16:206-216.

123.

Schaefer, A., M. Jung, H. J. Mollenkopf, I. Wagner, C. Stephan, F. Jentzmik, K. Miller,
M. Lein, G. Kristiansen, and K. Jung. 2010. Diagnostic and prognostic implications of
microRNA profiling in prostate carcinoma. Int J Cancer 126:1166-1176.

124.

Szczyrba, J., E. Loprich, S. Wach, V. Jung, G. Unteregger, S. Barth, R. Grobholz, W.
Wieland, R. Stohr, A. Hartmann, B. Wullich, and F. Grasser. 2010. The microRNA
profile of prostate carcinoma obtained by deep sequencing. Mol Cancer Res 8:529538.

125.

Jeter, C. R., M. Badeaux, G. Choy, D. Chandra, L. Patrawala, C. Liu, T. CalhounDavis, H. Zaehres, G. Q. Daley, and D. G. Tang. 2009. Functional evidence that the
self-renewal gene NANOG regulates human tumor development. Stem Cells 27:9931005.

126.

Ma, L., J. Teruya-Feldstein, and R. A. Weinberg. 2007. Tumour invasion and
metastasis initiated by microRNA-10b in breast cancer. Nature 449:682-688.

127.

Bitarte, N., E. Bandres, V. Boni, R. Zarate, J. Rodriguez, M. Gonzalez-Huarriz, I.
Lopez, J. Javier Sola, M. M. Alonso, P. Fortes, and J. Garcia-Foncillas. 2011.
MicroRNA-451 is involved in the self-renewal, tumorigenicity, and chemoresistance
of colorectal cancer stem cells. Stem Cells 29:1661-1671.

128.

Ribas, J., X. Ni, M. Haffner, E. A. Wentzel, A. H. Salmasi, W. H. Chowdhury, T. A.
Kudrolli, S. Yegnasubramanian, J. Luo, R. Rodriguez, J. T. Mendell, and S. E.

	
  

161	
  

Lupold. 2009. miR-21: an androgen receptor-regulated microRNA that promotes
hormone-dependent and hormone-independent prostate cancer growth. Cancer Res
69:7165-7169.
129.

Peter, M. E. 2009. Let-7 and miR-200 microRNAs: guardians against pluripotency
and cancer progression. Cell Cycle 8:843-852.

130.

Fornari, F., M. Milazzo, P. Chieco, M. Negrini, G. A. Calin, G. L. Grazi, D. Pollutri, C.
M. Croce, L. Bolondi, and L. Gramantieri. 2010. MiR-199a-3p regulates mTOR and
c-Met to influence the doxorubicin sensitivity of human hepatocarcinoma cells.
Cancer Res 70:5184-5193.

131.

Yin, G., R. Chen, A. B. Alvero, H. H. Fu, J. Holmberg, C. Glackin, T. Rutherford, and
G. Mor. 2010. TWISTing stemness, inflammation and proliferation of epithelial
ovarian cancer cells through MIR199A2/214. Oncogene 29:3545-3553.

132.

Henry, J. C., J. K. Park, J. Jiang, J. H. Kim, D. M. Nagorney, L. R. Roberts, S.
Banerjee, and T. D. Schmittgen. 2010. miR-199a-3p targets CD44 and reduces
proliferation of CD44 positive hepatocellular carcinoma cell lines. Biochem Biophys
Res Commun 403:120-125.

133.

Uesugi, A., K. Kozaki, T. Tsuruta, M. Furuta, K. Morita, I. Imoto, K. Omura, and J.
Inazawa. 2011. The tumor suppressive microRNA miR-218 targets the mTOR
component Rictor and inhibits AKT phosphorylation in oral cancer. Cancer Res
71:5765-5778.

134.

Fujita, Y., K. Kojima, R. Ohhashi, N. Hamada, Y. Nozawa, A. Kitamoto, A. Sato, S.
Kondo, T. Kojima, T. Deguchi, and M. Ito. 2010. MiR-148a attenuates paclitaxel
resistance of hormone-refractory, drug-resistant prostate cancer PC3 cells by
regulating MSK1 expression. J Biol Chem 285:19076-19084.

	
  

162	
  

135.

Visone, R., A. Veronese, L. Z. Rassenti, V. Balatti, D. K. Pearl, M. Acunzo, S. Volinia,
C. Taccioli, T. J. Kipps, and C. M. Croce. 2011. miR-181b is a biomarker of disease
progression in chronic lymphocytic leukemia. Blood 118:3072-3079.

136.

Yi, R., M. N. Poy, M. Stoffel, and E. Fuchs. 2008. A skin microRNA promotes
differentiation by repressing 'stemness'. Nature 452:225-229.

137.

Tavazoie, S. F., C. Alarcon, T. Oskarsson, D. Padua, Q. Wang, P. D. Bos, W. L.
Gerald, and J. Massague. 2008. Endogenous human microRNAs that suppress
breast cancer metastasis. Nature 451:147-152.

138.

Papadopoulos, G. L., P. Alexiou, M. Maragkakis, M. Reczko, and A. G.
Hatzigeorgiou. 2009. DIANA-mirPath: Integrating human and mouse microRNAs in
pathways. Bioinformatics 25:1991-1993.

139.

Shackleton, M., E. Quintana, E. R. Fearon, and S. J. Morrison. 2009. Heterogeneity
in cancer: cancer stem cells versus clonal evolution. Cell 138:822-829.

140.

Bommer, G. T., I. Gerin, Y. Feng, A. J. Kaczorowski, R. Kuick, R. E. Love, Y. Zhai, T.
J. Giordano, Z. S. Qin, B. B. Moore, O. A. MacDougald, K. R. Cho, and E. R. Fearon.
2007. p53-mediated activation of miRNA34 candidate tumor-suppressor genes. Curr
Biol 17:1298-1307.

141.

Raver-Shapira, N., E. Marciano, E. Meiri, Y. Spector, N. Rosenfeld, N. Moskovits, Z.
Bentwich, and M. Oren. 2007. Transcriptional activation of miR-34a contributes to
p53-mediated apoptosis. Mol Cell 26:731-743.

142.

Tarasov, V., P. Jung, B. Verdoodt, D. Lodygin, A. Epanchintsev, A. Menssen, G.
Meister, and H. Hermeking. 2007. Differential regulation of microRNAs by p53
revealed by massively parallel sequencing: miR-34a is a p53 target that induces
apoptosis and G1-arrest. Cell Cycle 6:1586-1593.

	
  

163	
  

143.

Welch, C., Y. Chen, and R. L. Stallings. 2007. MicroRNA-34a functions as a potential
tumor suppressor by inducing apoptosis in neuroblastoma cells. Oncogene 26:50175022.

144.

Rokhlin, O. W., V. S. Scheinker, A. F. Taghiyev, D. Bumcrot, R. A. Glover, and M. B.
Cohen. 2008. MicroRNA-34 mediates AR-dependent p53-induced apoptosis in
prostate cancer. Cancer biology & therapy 7:1288-1296.

145.

Chang, T. C., E. A. Wentzel, O. A. Kent, K. Ramachandran, M. Mullendore, K. H.
Lee, G. Feldmann, M. Yamakuchi, M. Ferlito, C. J. Lowenstein, D. E. Arking, M. A.
Beer, A. Maitra, and J. T. Mendell. 2007. Transactivation of miR-34a by p53 broadly
influences gene expression and promotes apoptosis. Mol Cell 26:745-752.

146.

Lodygin, D., V. Tarasov, A. Epanchintsev, C. Berking, T. Knyazeva, H. Korner, P.
Knyazev, J. Diebold, and H. Hermeking. 2008. Inactivation of miR-34a by aberrant
CpG methylation in multiple types of cancer. Cell Cycle 7:2591-2600.

147.

Hermeking, H. 2010. The miR-34 family in cancer and apoptosis. Cell death and
differentiation 17:193-199.

148.

Tryndyak, V. P., S. A. Ross, F. A. Beland, and I. P. Pogribny. 2009. Down-regulation
of the microRNAs miR-34a, miR-127, and miR-200b in rat liver during
hepatocarcinogenesis induced by a methyl-deficient diet. Mol Carcinog 48:479-487.

149.

Fujita, Y., K. Kojima, N. Hamada, R. Ohhashi, Y. Akao, Y. Nozawa, T. Deguchi, and
M. Ito. 2008. Effects of miR-34a on cell growth and chemoresistance in prostate
cancer PC3 cells. Biochem Biophys Res Commun 377:114-119.

150.

Yan, D., X. Zhou, X. Chen, D. N. Hu, X. D. Dong, J. Wang, F. Lu, L. Tu, and J. Qu.
2009. MicroRNA-34a inhibits uveal melanoma cell proliferation and migration through
downregulation of c-Met. Investigative ophthalmology & visual science 50:1559-1565.

	
  

164	
  

151.

Li, N., H. Fu, Y. Tie, Z. Hu, W. Kong, Y. Wu, and X. Zheng. 2009. miR-34a inhibits
migration and invasion by down-regulation of c-Met expression in human
hepatocellular carcinoma cells. Cancer letters 275:44-53.

152.

Miranda, K. C., T. Huynh, Y. Tay, Y. S. Ang, W. L. Tam, A. M. Thomson, B. Lim, and
I. Rigoutsos. 2006. A pattern-based method for the identification of MicroRNA
binding sites and their corresponding heteroduplexes. Cell 126:1203-1217.

153.

Jeter, C. R., B. Liu, X. Liu, X. Chen, C. Liu, T. Calhoun-Davis, J. Repass, H. Zaehres,
J. J. Shen, and D. G. Tang. 2011. NANOG promotes cancer stem cell characteristics
and prostate cancer resistance to androgen deprivation. Oncogene 30:3833-3845.

154.

Choi, Y. J., C. P. Lin, J. J. Ho, X. He, N. Okada, P. Bu, Y. Zhong, S. Y. Kim, M. J.
Bennett, C. Chen, A. Ozturk, G. G. Hicks, G. J. Hannon, and L. He. 2011. miR-34
miRNAs provide a barrier for somatic cell reprogramming. Nat Cell Biol 13:13531360.

155.

Takamizawa, J., H. Konishi, K. Yanagisawa, S. Tomida, H. Osada, H. Endoh, T.
Harano, Y. Yatabe, M. Nagino, Y. Nimura, T. Mitsudomi, and T. Takahashi. 2004.
Reduced expression of the let-7 microRNAs in human lung cancers in association
with shortened postoperative survival. Cancer Res 64:3753-3756.

156.

Johnson, S. M., H. Grosshans, J. Shingara, M. Byrom, R. Jarvis, A. Cheng, E.
Labourier, K. L. Reinert, D. Brown, and F. J. Slack. 2005. RAS is regulated by the
let-7 microRNA family. Cell 120:635-647.

157.

Kumar, M. S., S. J. Erkeland, R. E. Pester, C. Y. Chen, M. S. Ebert, P. A. Sharp, and
T. Jacks. 2008. Suppression of non-small cell lung tumor development by the let-7
microRNA family. Proc Natl Acad Sci U S A 105:3903-3908.

158.

Mayr, C., M. T. Hemann, and D. P. Bartel. 2007. Disrupting the pairing between let-7
and Hmga2 enhances oncogenic transformation. Science 315:1576-1579.

	
  

165	
  

159.

Cao, G., B. Huang, Z. Liu, J. Zhang, H. Xu, W. Xia, J. Li, S. Li, L. Chen, H. Ding, Q.
Zhao, M. Fan, B. Shen, and N. Shao. 2010. Intronic miR-301 feedback regulates its
host gene, ska2, in A549 cells by targeting MEOX2 to affect ERK/CREB pathways.
Biochem Biophys Res Commun 396:978-982.

160.

Lee, E. J., Y. Gusev, J. Jiang, G. J. Nuovo, M. R. Lerner, W. L. Frankel, D. L.
Morgan, R. G. Postier, D. J. Brackett, and T. D. Schmittgen. 2007. Expression
profiling identifies microRNA signature in pancreatic cancer. Int J Cancer 120:10461054.

161.

Jiang, J., Y. Gusev, I. Aderca, T. A. Mettler, D. M. Nagorney, D. J. Brackett, L. R.
Roberts, and T. D. Schmittgen. 2008. Association of MicroRNA expression in
hepatocellular carcinomas with hepatitis infection, cirrhosis, and patient survival.
Clinical cancer research : an official journal of the American Association for Cancer
Research 14:419-427.

162.

Miko, E., Z. Czimmerer, E. Csanky, G. Boros, J. Buslig, B. Dezso, and B. Scholtz.
2009. Differentially expressed microRNAs in small cell lung cancer. Experimental
lung research 35:646-664.

163.

Shi, W., K. Gerster, N. M. Alajez, J. Tsang, L. Waldron, M. Pintilie, A. B. Hui, J.
Sykes, C. P'ng, N. Miller, D. McCready, A. Fyles, and F. F. Liu. 2011. MicroRNA-301
mediates proliferation and invasion in human breast cancer. Cancer Res 71:29262937.

164.

Nam, E. J., H. Yoon, S. W. Kim, H. Kim, Y. T. Kim, J. H. Kim, J. W. Kim, and S. Kim.
2008. MicroRNA expression profiles in serous ovarian carcinoma. Clinical cancer
research : an official journal of the American Association for Cancer Research
14:2690-2695.

165.

Nakada, C., K. Matsuura, Y. Tsukamoto, M. Tanigawa, T. Yoshimoto, T. Narimatsu,
L. T. Nguyen, N. Hijiya, T. Uchida, F. Sato, H. Mimata, M. Seto, and M. Moriyama.

	
  

166	
  

2008. Genome-wide microRNA expression profiling in renal cell carcinoma:
significant down-regulation of miR-141 and miR-200c. The Journal of pathology
216:418-427.
166.

Ladeiro, Y., G. Couchy, C. Balabaud, P. Bioulac-Sage, L. Pelletier, S. Rebouissou,
and J. Zucman-Rossi. 2008. MicroRNA profiling in hepatocellular tumors is
associated with clinical features and oncogene/tumor suppressor gene mutations.
Hepatology 47:1955-1963.

167.

Waltering, K. K., K. P. Porkka, S. E. Jalava, A. Urbanucci, P. J. Kohonen, L. M.
Latonen, O. P. Kallioniemi, G. Jenster, and T. Visakorpi. 2011. Androgen regulation
of micro-RNAs in prostate cancer. Prostate 71:604-614.

168.

Cheng, H., L. Zhang, D. E. Cogdell, H. Zheng, A. J. Schetter, M. Nykter, C. C. Harris,
K. Chen, S. R. Hamilton, and W. Zhang. 2011. Circulating plasma MiR-141 is a novel
biomarker for metastatic colon cancer and predicts poor prognosis. PloS one
6:e17745.

169.

Vallejo, D. M., E. Caparros, and M. Dominguez. 2011. Targeting Notch signalling by
the conserved miR-8/200 microRNA family in development and cancer cells. EMBO
J 30:756-769.

170.

Korpal, M., E. S. Lee, G. Hu, and Y. Kang. 2008. The miR-200 family inhibits
epithelial-mesenchymal transition and cancer cell migration by direct targeting of Ecadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem 283:14910-14914.

171.

Burk, U., J. Schubert, U. Wellner, O. Schmalhofer, E. Vincan, S. Spaderna, and T.
Brabletz. 2008. A reciprocal repression between ZEB1 and members of the miR-200
family promotes EMT and invasion in cancer cells. EMBO reports 9:582-589.

172.

Wellner, U., J. Schubert, U. C. Burk, O. Schmalhofer, F. Zhu, A. Sonntag, B.
Waldvogel, C. Vannier, D. Darling, A. zur Hausen, V. G. Brunton, J. Morton, O.
Sansom, J. Schuler, M. P. Stemmler, C. Herzberger, U. Hopt, T. Keck, S. Brabletz,

	
  

167	
  

and T. Brabletz. 2009. The EMT-activator ZEB1 promotes tumorigenicity by
repressing stemness-inhibiting microRNAs. Nat Cell Biol 11:1487-1495.
173.

Itoh, T., Y. Nozawa, and Y. Akao. 2009. MicroRNA-141 and -200a are involved in
bone morphogenetic protein-2-induced mouse pre-osteoblast differentiation by
targeting distal-less homeobox 5. J Biol Chem 284:19272-19279.

174.

Marasa, B. S., S. Srikantan, K. Masuda, K. Abdelmohsen, Y. Kuwano, X. Yang, J. L.
Martindale, C. W. Rinker-Schaeffer, and M. Gorospe. 2009. Increased MKK4
abundance with replicative senescence is linked to the joint reduction of multiple
microRNAs. Sci Signal 2:ra69.

175.

Sempere, L. F., M. Preis, T. Yezefski, H. Ouyang, A. A. Suriawinata, A. Silahtaroglu,
J. R. Conejo-Garcia, S. Kauppinen, W. Wells, and M. Korc. 2010. Fluorescencebased codetection with protein markers reveals distinct cellular compartments for
altered MicroRNA expression in solid tumors. Clinical cancer research : an official
journal of the American Association for Cancer Research 16:4246-4255.

176.

Mansfield, J. H., B. D. Harfe, R. Nissen, J. Obenauer, J. Srineel, A. Chaudhuri, R.
Farzan-Kashani, M. Zuker, A. E. Pasquinelli, G. Ruvkun, P. A. Sharp, C. J. Tabin,
and M. T. McManus. 2004. MicroRNA-responsive 'sensor' transgenes uncover Hoxlike and other developmentally regulated patterns of vertebrate microRNA
expression. Nature genetics 36:1079-1083.

177.

Ibarra, I., Y. Erlich, S. K. Muthuswamy, R. Sachidanandam, and G. J. Hannon. 2007.
A role for microRNAs in maintenance of mouse mammary epithelial progenitor cells.
Genes & development 21:3238-3243.

178.

Rybak, A., H. Fuchs, L. Smirnova, C. Brandt, E. E. Pohl, R. Nitsch, and F. G.
Wulczyn. 2008. A feedback loop comprising lin-28 and let-7 controls pre-let-7
maturation during neural stem-cell commitment. Nat Cell Biol 10:987-993.

	
  

168	
  

179.

Lal, A., F. Navarro, C. A. Maher, L. E. Maliszewski, N. Yan, E. O'Day, D. Chowdhury,
D. M. Dykxhoorn, P. Tsai, O. Hofmann, K. G. Becker, M. Gorospe, W. Hide, and J.
Lieberman. 2009. miR-24 Inhibits cell proliferation by targeting E2F2, MYC, and
other cell-cycle genes via binding to "seedless" 3'UTR microRNA recognition
elements. Mol Cell 35:610-625

	
  

169	
  

	
  
Vita

Can Liu was born in Jingzhou, Hubei, China on September 26, 1981, the Daughter of
Yicheng Liu and Jin Wang. After completing her work at Shashi No.3 High School, Jingzhou,
Hubei, China in 2000, she entered Medical School of Wuhan University in Wuhan, Hubei,
China. She received the degree of Bachelor of Medicine in July, 2005. During the following
year, she worked as a research assistant in Department of Immunology in Wuhan University,
China. In August of 2006, Can came to the United States and entered The University of
Texas Health Science Center at Houston Graduate School of Biomedical Sciences. Can
pursued her PhD in the laboratory of Dr. Dean Tang at the University of Texas MD Anderson
Cancer Center, Science Park Research Division, Department of Carcinogenesis in
Smithville, Texas.

Permanent address:
5412 Apache Creek Cv
Austin, Tx, 78735
USA

	
  

170

